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ABSTRACT
This thesis aims to extend the range and sophistication of computational methods 
available for the study of the structures of metal coordination complexes. To this 
end, a number of different approaches have been adopted. Molecular mechanics 
force field calculations have been successfully employed to investigate chemical 
and structural problems in a range of coordination complexes. New force field 
parameters are presented for Uranium(IV), Palladium(II) and Tungsten 
complexes, along with modified Cobalt(II) parameters for Schiff-base complexes. 
Widespread application of molecular mechanics is, however, shown to be 
inhibited as a result of the complex and time consuming parameterisation process, 
and the lack of available structural data. The Cambridge Structural Database is the 
major repository of structural data for inorganic complexes, but the way in which 
it is stored makes it difficult to extract the desired information. A new data format 
is proposed specifically for metal coordination complexes, whereby the metal 
forms a focal point with information separated into ligand sub-sets. The 
application of the new data format is demonstrated using a number o f examples 
with particular relevance to addressing problems in force field parameterisation. 
With the technological applications of coordination compounds often manifested 
in their solid-state structures, there is a need to understand and predict crystal 
structure based only on a knowledge of the molecular unit. Several methods of 
investigating crystal structure, namely shape and structure similarity and packing 
efficiency, have been investigated with a view to using these parameters in a 
predictive manner.
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Chapter 1 : Introduction
1.1 INTRODUCTION
The aims of this thesis are to extend the range and sophistication of computational 
methods available for the study of metal coordination complexes. More explicitly 
the objectives are as follows
• To assess the effectiveness of currently available molecular modelling routines 
for the study of metal complexes.
• To improve the use of chemical databases in the modelling process.
• To examine methods for the prediction of the solid state structure of a given 
molecular species.
This chapter provides an introduction to molecular modelling and computational 
chemistry as a whole. Examples from the literature illustrate applications of 
molecular modelling in both organic and inorganic chemistry. Molecular 
modelling of metal coordination complexes is introduced, outlining reasons for 
the relative lack of progress in the field when compared to the progress made in 
the study of pharmaceuticals. Aspects of contemporary complex chemistry are 
introduced where researchers are beginning to turn to molecular modelling for 
assistance.
1.2 MOLECULAR MODELLING
1.2.1 Introduction
In the annals of science, computational chemistry is a relatively new discipline. Its 
roots lie in mathematical and theoretical chemistry, but its advent and popularity 
have mirrored the breathtaking improvements in computing power (both in terms 
of hardware and software) since the 1960's.
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Computational chemistry uses a variety of tools to understand chemical structures, 
reactions and properties. Developments in methods and equipment allow a range 
o f molecular attributes and properties to be calculated as well as measured, both to 
gain a better understanding of molecular behaviour and to guide broader scientific 
study in an ever-increasingly rational manner (Figure 1.1).
1970's Theoretical Chemistry
Crystallography
Molecular Graphics
1980's Effective Simulation
1990's Rational Molecular
Design
Figure 1.1. Developments in Molecular Modelling
Chemical calculations had been feasible for many decades, but it was molecular 
graphics that proved the spur to an explosion in the number and range of 
applications. The capability to display and manipulate colour images in 'real-time' 
appealed to the chemisfs in-built desire to visualise and get a feel for molecular 
structures and reactions. The commercial pressures facing the large 
pharmaceutical companies have tended to lead to a bias towards the modelling of 
organic structures. The 1980's saw the development of a range of computational 
techniques leading every increasingly to very effective molecular simulations for 
these compounds. In the 1990's, the emphasis has moved towards the development 
o f rational methods of drug design.
Computational methods have also been applied to the study of inorganic systems. 
Methods for the study of non-molecular inorganic solids are now well established. 
The aim is often the simulation of important physical properties, such as catalytic
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activity, or conductivity. Here too, the goal for the future is the ability to engineer 
structures with desirable properties. These same aims apply to the modelling of 
metal coordination complexes, an area which has tended to lag behind its 
counterparts in sophistication.
1.2.2 Modelling Tools
Molecular Modelling is a broad discipline, embracing both elements o f practical 
experimentation and the newest of chemical theories. The main computational 
tools are detailed below:
1.2.2.1 Computer Graphics
Computer graphics acts as a user-interface (a window) between the user and the 
experimental and theoretical techniques that provide the data to be displayed. 
High-quality graphics displays allow the user to visualise and manipulate 
chemical structures, orbitals, electrostatic fields, reaction processes in addition to 
experimental results such as chromatographs, spectra and crystallographic data.
1.2.2.2 Electronic Structure Calculations
In principle, the problem of predicting the structure and behaviour o f molecules 
can be solved by electronic structure calculations; all the properties of matter can 
be encapsulated in the Schrodinger Equation. Ab-initio calculations provide a 
powerful means for studying the electronic distribution around a molecule and its 
properties. In practice, this equation is intractable for many electron systems and 
requires huge amounts of computer time even for relatively small molecules. The 
complexity of the calculations makes them unsuitable for routine application by 
novice users and considerable experience is needed in interpreting the results.
Semi-empirical methods differ from the ab-initio methods in that they provide 
approximate solutions to the Schrodinger Equation. Again considerable care and 
experience is necessary as with all parameterised methods reliable results may be 
obtained (using experimental data or with data from ab-initio calculations), but
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only within certain boundaries. Outside these limits the 'results' obtained are likely 
to be worse than useless. The various semi-empirical methods available differ in 
how they approximate and how they compute potential energy values. Examples 
o f NDO (Neglect of Differential Overlap) semi-empirical codes include CNDO 
(Pople, 1970) and MNDO (Dewar, 1975).
1.2.2.3 Empirical Calculations
Empirical expressions can be used to represent the structure of molecular species. 
They form the basis of molecular mechanics which combines numerical 
refinement equations with a parameterised force field to calculate molecular 
energies and refine structures to some low energy conformation. Molecular 
dynamics also embodies such a philosophy and allows molecular motions to be 
followed through time under various temperature conditions. Empirical 
calculations benefit from being considerably less computational intensive than ab- 
initio methods. For specific and well-parameterised molecular systems, results 
that bear an excellent agreement to experimental values are often obtained. The 
accuracy of an empirical method is intrinsically linked to the quality o f the 
parameter set. This is true for both the type and range of molecules and the 
physical and chemical data used in the development of the parameter base. 
Frequently, empirical methods give best results when parameterised for a limited 
class o f molecules or phenomena. Care must then be taken to ensure that 
calculations remain within the bounds of the parameter set developed. Failure to 
do so renders the results liable to considerable inaccuracies. A disadvantage of 
empirical methods is the need for a set of well tested parameters before a 
calculation can be undertaken. The development of such parameters can be a time 
consuming process.
1.2.2.4 Databases/Statistical methods
Structural information has for many years been available electronically in the 
form of machine readable databases. The Cambridge Structural Database (Allen, 
1979 and 1991) is a good example, incorporating crystallographic and textual
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information for over one hundred thousand small organic and organometallic 
structures. Advances in technology have made these stores of data invaluable to 
the computational chemist. On-line search methods allow molecular dimensions to 
be examined and correlated with other features or experimental data. Searching a 
large database can provide conformational information similar to that available 
from a calculation, with increased confidence in the validity of the information. 
Databases are also available containing other sorts of experimental data, for 
example spectroscopic information.
Statistical methods play an important role in computational chemistry. When the 
underlying mechanisms governing a particular activity are poorly understood, 
statistical techniques are essential in highlighting significant structural properties 
or to characterise the large quantities of data available in databases o f molecular 
data.
1.2.3 Applications in Organic Chemistry
Computer-aided molecular design methods are now commonly used tools in 
chemical research. All the world's major pharmaceutical companies and those 
involved in polymer and agrochemical research have invested heavily in the area. 
These strong industrial links have led to the strong 'bias' towards applications of 
molecular modelling methods in the area of traditional organic chemistry. The 
combination of theoretical calculation methods and molecular graphics is 
providing tools to guide the chemist towards deciding which molecules to 
synthesise for specific roles. Within a brief introduction such as this it is 
impossible to do justice to the number of applications of molecular modelling 
methods to organic molecules. The examples detailed below are designed to 
provide a flavour of a few of the types of research being conducted, with a 
particular emphasis towards knowledge-based modelling methods.
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1.2.3.1 Knowledge-based Protein Modelling
Neither quantum mechanical calculations nor molecular dynamics calculations 
alone are at present capable of defining which of the multitude of conformers 
available to a polypeptide will occur in a living organism. The reason for this 
stems largely from the immense amount of computational time necessary to 
simulate a complex macromolecular system during the folding process. Many 
protein sequences, however, adopt the same general fold. Structure determinations 
suggest that the majority of new structures comprise motifs or domains previously 
identified in other, often functionally different proteins. Using information firom 
related proteins provides a feasible route to modelling a protein based on a 
knowledge of its amino acid sequence.
Sali (1990a) and Blundell (1987) have been at the forefront o f these 
developments. The general approach (Figure 1.2) involves the derivation of rules 
fi*om the comparisons of sequences and three-dimensional structures, and their use 
in the construction of the three-dimensional model.
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APPLICATIONLEARNING
Database of 
structures and 
sequences
Projection
Template
SEQUENCE OF 
THE UNKNOWNComparisonComparison
Alignment of the 
template with 
the unknown
Alignment of /  
related proteins 
and their parts
Extrapolation
Analysis
2D-nmr 
X-ray Crystal. 
Mol. Dynamics 
Other
List of 3D 
constraints
Rules of protein 
structure
Modelling
3D STRUCTURE 
OF THE UNKNOWN
Figure 1.2. A scheme for knowledge-based modelling of proteins
The general steps illustrated in the above figure function in the manner described 
briefly below.
Comparison/Clustering - the first step in the modelling process is to develop ways 
of comparing protein structures and of clustering them into related sub-groups. 
Features o f sequence and 3D structure are compared simultaneously (Sali, 1990b). 
The objective is to automatically highlight the best structures and fragments for 
modelling.
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Derivation of Rules - The alignment of 3D structures allows derivation of rules for 
protein modelling. For example, rules can be obtained that correlate the dihedral 
angle of an unknown side chain with the dihedral angles at equivalent positions in 
related proteins. Specific substitution tables are utilised where, for example, 
residue by residue tables are used for solvent-accessible and inaccessible residues. 
Projection from sequence to sequence - the substitution tables relate the structural 
environment of an amino acid residue to the probability of acceptance of any of 
the other 20 residue types. This allows the 3D structure to place constraints onto 
the ID sequence. Templates of all known 3D structures of families including 
loops, motifs, domains and complete globular proteins are pre-calculated so that a 
new sequence can be rapidly compared with them rather than with raw, individual 
protein data.
Extrapolation from sequence to structure - Now that rules have been derived, they 
may be used to predict three-dimensional structure from a given sequence. A 
program, COMPOSER, is used to select and combine three sets of fragments. The 
first set is derived from the framework defined by multiple superposition of the 
chosen structures. The second set of protein fragments for regions outside the 
framework is selected from the database of loop structures. Finally the third set, of 
side chains, is selected using rules derived from the analysis o f homologous 
structures. The templates of selected fragments are clustered and ranked, and the 
top-ranking fragments joined together. The model is checked for serious overlaps 
between fragments and where this occurs a lower ranking fragment is used. An 
energy minimisation step is then applied to produce the final protein model.
The modelling procedure is very successful where the known structures cluster 
around the structure to be predicted and where the percentage sequence identity to 
the unknown is high (i.e. greater than 40%). Where this is not the case two- 
dimensional nmr methods may provide distance measurements for inclusion in the
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model building process. The challenge for the future is a closer integration of 
modelling techniques with experimental analyses using crystallography, two- 
dimensional nmr and other biological methods such as electron microscopy.
1.2.3.2 Applications of Neural Networks in Organic Synthesis
Computer-aided organic synthesis (CAOS) has developed considerably over the 
past twenty or so years. Traditional computer methods excel at solving problems 
that require many numerical calculations or the generation of large numbers of 
potential solutions, but are poor at drawing inferences or making generalisations 
from limited data. In contrast, artificial intelligence (AI) based approaches can 
make limited judgements by applying a set of rules or heuristics modelled on 
those used by expert chemists. The use of neural networks has also begun to 
develop in chemistry. Reported applications have included prediction of 
secondary structure in proteins (McGregor, 1989) and pattern recognition in NMR 
spectroscopy (Thomsen, 1989 and Aoyama, 1989) amongst others. Elrod (1990) 
has applied neural network methods to the prediction of electrophilic substitution 
reactions as summarised below.
AJ-inspired CAOS programs generally use one of three methods to apply 
chemical knowledge to synthesis problems: firstly a library of reactions or 
transforms as in the LHASA (Corey, 1985) program, or secondly, mathematical 
methods to generate all possible products or precursors as in IGOR (Bauer, 1985) 
or SYNGEN (Hendrickson, 1984), or finally, mechanistic rules governing reaction 
types as in CAMEO (Gushurst, 1988). These programs have had some success, 
but are limited by the requirement that rules be stated explicitly or heuristics 
employed in order to reduce the possibilities to a manageable size. The definition 
of rules from human knowledge or analysis of the literature is tedious, but rule- 
based methods do benefit from providing the user with details of how the rules
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have been applied to gain a desired result. Neural networks may be useful in cases 
where it is difficult to specify exactly rules governing reactivity or where several 
overlapping or seemingly opposing rules may apply. This is the case in the 
prediction of reaction products where steric, electronic, resonance and solvent 
effects compete with or reinforce each other. Electrophilic Aromatic Substitution 
(HAS) involves the substitution of a hydrogen atom on an aromatic ring by an 
electrophile (i.e. HNO3 nitric acid) to give ortho-, meta- or para- substituted 
products (Figure 1.3)
NO
+ HNO
NO
NO.
metaortho para
Figure 1.3. Electrophilic aromatic substitution.
The ratio of isomers depends on the nature o f the substituent X and to a lesser 
degree JS the electrophile. Substituents may be divided into two classes, ortho­
para directors which tend to be electron donors, and meta-directors which tend to 
be electron acceptors. Resonance effects can reinforce or oppose these inductive 
effects and steric hindrance by large substituents can also affect the reaction by 
blocking the adjacent ortho- positions. Both these affect the product ratio and it 
would be useful to be able to predict the ratios for a given reaction.
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Methods
Product ratios for electrophilic substitution reactions of mono-substituted 
benzenes taken from the literature were used to train and test the neural network 
(32 compounds in the training set and 13 compounds left to form a test set). The 
main problem comes in feeding a representation of the molecule into the neural 
network. Two methods were used: a connectivity matrix and a charge model 
(based on point charges calculated quantum mechanically). Only atoms on the 
substituent were included in the connection table, the aromatic ring being the 
same in all the compounds. A three-layer back-propagation network was chosen 
and constructs an internal representation of the task, in this case predicting the 
products o f the EAS reaction, which can be applied to new reactants not in the 
training set (Figure 1.4).
The 25 input nodes correspond to a 5*5 connection table representation o f the 
substituent i.e.,
7 2 1 1 0
6 3 2 1 0
8 4 3 2 0
6 5 3 1 0
0 0 0 0 0
represents the aromatic substituent on acetanilide in Figure 1.4. One row for each 
non-hydrogen in the acetamido substituent on the aromatic ring. Column 1 is the 
atomic number. Column 2 is the atom number of the atom in column 1. Column 3 
is the atom to which the atom is bonded. Column 4 is the bond type and column 5 
the atomic charge. Five hidden layer nodes were found experimentally to provide 
the best performance after training had reduced the error to 0.05%.
Chapter 1: Introduction 13
OH
% meta%ortho-para
Output Layer
Hidden Layer
° - (o
Input Layer 25 units = 5*5 connection table
Figure 1.4. Three-layer back propagation neural network with a 25-unit 
connection table input, 5 hidden units, and 2 output units corresponding to the 
percentage of ortho-para and meta products.
Results
Both the charge and connection table methods predicted all 32 of the training 
compounds after training. On moving to the test set, the network predicted 10 of 
13 reactions with an average error of 12%. The charge method was less accurate 
with only 8 out of 13 and an average error of nearly 20%. These results are better 
than that possible using the CAMEO method. Three organic chemists given the 
same 13 reactions predicted 10 out of the 13 with an average error of 15%.
The charge method is thought to be less successful as it concentrates only on one 
aspect; that of charge distribution. The connectivity table method provides a
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means of comparing atoms on the basis of atomic number, number and types of 
bonds, and other properties such as charge or atomic number. This example 
demonstrates the ability of neural networks to predict a chemical reaction as well 
as chemists or a rule-based expert system. One of the key points for further work 
is how best to represent chemical information such that a neural network may 
make useful predictions. The connection table adopted here is not sufficiently 
general for use in other reactions.
1.2.4 Applications in Non-Moleeular Inorganic Chemistry
The past 10 years have seen an enormous expansion in our ability to model the 
structures and properties of complex, real materials, and the use of computational 
methods in materials design is becoming increasingly possible. Growth in 
computer power, improved knowledge of interatomic potentials, and more 
sophisticated methodologies and algorithms have fuelled these developments. It is 
now possible to describe accurately the structures and properties of important non- 
molecular inorganic materials (or polar solids) such as zeolite catalysts and high 
temperature superconductors. These applications are summarised below.
1.2.4.1 Zeolites
Zeolites are aluminosilicates which crystallise into open porous structures. 
Because the materials contain Al substituting for Si, they require additional 
cations or protons in order to preserve electroneutrality. The cations, which 
occupy positions in the pores, are loosely bound and can be readily exchanged. 
Ion exchange thus remains one of the most important applications of zeolites, with 
Zeolite-A being extensively used in the detergent industry. The protons bind to 
framework oxygen atoms giving highly acidic OH groups, the basis o f the 
application of these materials as catalysts for cracking, isomérisation and 
hydrocarbon synthesis reactions. Their unique feature though remains the ability
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of the pore geometry (Figure 1.5) to control the nature of the products. This is 
termed shape selective catalysis.
Figure 1.5. Model structure of the Zeolite ZSM-5.
Computer simulation methods can contribute to understanding o f zeolite 
structures, and are yielding data on the sorption, distribution and migration of 
molecules within the zeolite pores. Quantum chemical and molecular mechanical 
and dynamical studies are all used to study zeolite stability (Ooms, 1988). 
Modelling of sorption by energy minimisation methods is also routinely used. For 
example, accurate modelling methods have been used to locate molecules like 
pyridine within a zeolite, giving results that agree superbly with experimental 
diffraction studies (Wright, 1985). Monte Carlo methods have also been used to 
predict the distribution of hydrocarbon molecules in zeolite pores and their 
dependence on temperature (Yashonath, 1988).
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1.2.4.2 High Tc Superconductors
The discovery of high temperature superconducting ceramics (Bednorz, 1986) 
proved a major impetus to extend the range of simulation techniques at^time when 
there has become an unprecedented interest in such materials.
These complex oxides are not superconducting in their stoichiometric forms; it is 
only when doped, such as in La2 Cu0 4 , or made non-stoichiometric, as with 
YBa2 Cu3 0 6 .5+x5 that this behaviour is observed. For these polar solids, atomistic 
lattice simulations based on an ionic model and reliable interionic potentials can 
produce equilibrium atomic positions in perfect and defect lattices and crystal 
surfaces (Baetzold, 1989). Computer codes such as CASCADE (Leslie, 1982) 
have proved particularly successful. Interatomic potentials may be expanded as a 
sum of increasing many-body interaction terms. The elastic, dielectric and defect 
properties may be represented well by two body terms,
where Zi is the charge of species i, rij is the distance between i and j, e is the 
electron charge and A, p, c are parameters of the potential.
The coulombic contribution is treated by the shell-model which allows for lattice 
polarisation. The ion is represented by a core of approximate mass and a massless 
shell which are connected by an harmonic potential (Figure 1.6).
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harmonic spring (of constant k)
Shell (valence shell electrons)
Core (nucleus+core electrons)
Polarisability = Y /  k where Y = shell charge
Figure 1.6. The shell model.
The core and shell possess charges which add to give the net charge on the ion. 
The second and third terms in the above equation are the Buckingham short-range 
terms. These model the repulsive effects arising from the overlap of closed 
electron shells and the dispersive terms.
Similar methods are used to make detailed predictions of the following properties:
• Relaxed structures
• Physical properties - lattice energies, elastic and dielectric constants
• Defect properties - formation, migration and interaction energies
• Ion transport properties - activation energies, molecular dynamics
• Surface structure
1.2.5 Summary
Computer modelling methods can make a substantial contribution to our 
understanding of structures, properties and processes in real materials. It is hoped 
that further refinements in technique and growth in computational power will 
make these methods increasingly predictive.
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In the United Kingdom the direction of computational chemistry has been 
moulded to a large extent by the existence of a number of SERC (Science and 
Engineering Research Council) sponsored collaborative projects (CCPs) (Table 
1.1).
Table 1.1. UK Computational Projects.
UK Collaborative Computational Projects
CCP1 Electron correlation in molecular wave functions
CCP2 Continuum states o f atoms and molecules
CCP3 Computational studies of surfaces
CCP4 Protein Crystallography
CCP5 Molecular dynamics and Monte Carlo simulations
CCP9 Electronic structure of solids
CCP II  Biosequence and structure analysis
These projects cross the boundaries of traditional science (the demarcation into 
chemistry or physics; organic or inorganic chemistry etc.) and aim to foster the 
development of techniques by collaboration between university groups and 
industry. These undoubtedly will provide directions for future research.
1.3 MOLECULAR MODELLING IN COORDINATION 
CHEMISTRY
1.3.1 Introduction
It would not be unfair to say that the level of sophistication of methods for the 
study of metal coordination complexes is at a much lower level than those used in 
the study of pharmaceuticals and other organic species. In the case o f metal 
complexes, we are still in the 1990's in need of effective simulation methods
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(Figure 1.1). The commercial and scientific interests of the large pharmaceutical 
companies have had a large part to play in driving forward the development of 
wide range of rational molecular modelling methods for organic species. Interest 
in developing 21st Century materials with desired electronic, magnetic or optical 
properties is already providing a big impetus for research into modelling methods 
in coordination chemistry.
1.3.2 Expectations
Research chemists look to the field of computational chemistry for assistance in 
many aspects o f coordination chemistry:
• To gain a better insight into the range of structural diversity in coordination 
compounds.
• Structure prediction: to outline the low energy conformations of a complex.
• Reaction product prediction: What structure(s) are likely to be formed on 
reaction of a metal ion with one or more ligand types.
• To examine differences in metal/ligand coordination behaviour (i.e. variation 
in coordination geometry, bite angles, bond lengths).
• Structure-property relationships: To examine the variation in some physical 
property (i.e. magnetic susceptibility, melting point) in relation to some 
changes made in molecular structure.
• Prediction of solid state structure and properties.
• To suggest how a given molecular structure (ligand/metal) may be modified in 
order to attain a desired effect (change in molecular dimension or property) or 
change in the solid state crystal structure of the compound.
Chapter 1 : Introduction 20
1.3.3 Problems Encountered
It is easy to see why conventional computational methods have proved difficult to 
apply to coordination compounds. The number o f atom types, oxidation states and 
geometries present a major problem. This is illustrated (Figure 1.7) by comparing 
the chemical versatility of two atoms, carbon and iron.
ORGANIC CHEMISTRY:
sp^
Sp3
linear
trigonal planar 
tetrahedral
Relatively few bonding combinations are possible.
TRANSITION METAL CHEMISTRY:
Fe
Fe(-ll)
Fe(0) tetrahedral
Fe(l) trigonal bypyramidal
Fe(ll) square pyrmaidal
Fe(lll) octahedral
Fe(IV) pentagonal bipyramidal
Fe(V) dodecahedral
Fe(VI)
Many metal-ligand bonding combinations, pi-bound 
adducts, trans effects, softer potentials
Angles around central 
atom are generally 
all equal
Angles around central 
atom are not always 
equal
Figure 1.7. Comparison of the structural possibilities for carbon and iron.
As illustrated, the variety of structural types and bonding possible for iron is much 
wider than for that of carbon. Additionally, whereas organic systems are limited to 
a small number of atom types, a much larger number of atom types are necessary 
to cover the entire field of coordination chemistry.
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Molecular mechanics studies form the subject for Chapter 2, but it is worth at this
stage paying respect to the advances made in quantum chemistry. Quantum
chemical methods have been severely restricted by the large number of electrons
present in metal containing compounds. These have traditionally made quantum
calculations prohibitively expensive in terms of computational time for these types
of molecules. The problem is largely one of choosing a set o f basis functions that
adequately describe the wave function, without demanding an unreasonable
amount of computational time. This is in part due to difficulties in describing
transition metal d-orbitals, and in part because of a need to maintain a balance
between core and valence electron regions. Extended basis sets for the transition
metals Yttrium through to Cadmium have been reported (Hansen, 1990) that go
some way to improving these difficulties. Applications of quantum chemical
e5
methods are becoming more widespread with increasjn^ in the power o f computer 
hardware. Amongst these, the SINDO method (Li, 1992) has been used to analyse 
the magnitude of metal-carbon and metal-metal bonds, whilst the structure, 
harmonic frequencies and binding energy of the trimethylgallium-arsine adduct 
(Ch3 )3 Ga:AsH3 have been computed (Bock, 1993). A good summary of the 
challenge presented by the presence of d- and f- orbitals is given by (Salahub, 
1989^^
1.3.4 Current Areas of Research Interest
The following sub-sections detail areas of contemporary coordination chemistry 
which have been the focus for some molecular modelling studies.
1.3.4.1 Industrial Catalysts
Metal-containing compounds are of great importancyndustrial in a wide range of 
applications from homogeneous/heterogeneous catalysis, trace metal removal and 
chiral synthesis.
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Figure 1.8 shows how Rhenium complexes are used in hydroformylation reactions 
(van Leeuwen, 1983 and Trzeciak, 1988). Steric interactions between the 
phosphorous side groups and the incoming substituted alkene influence the 
proportions of the two possible aldehyde products.
ÇH
CO
HoC '
R
ÇH2
CO
O
A  9 H 2
H CHg R
Linear aldehyde 
(preferred product)
q G §P
f
I CO
o
HC
/ ■CH.
R CO
Destabilising steric 
interactions
CH3
H CH
I
R
Branched aldehyde
Figure 1.8. The influence of steric interactions in hydroformylation reactions.
Similarly, there is great interest in the development of catalysts to produce 
polymers of desired properties, i.e. molecular weight or tacticity. Experimental 
studies are very time consuming and the emphasis has moved towards modelling 
the structures and properties of the molecular catalysts.
Researchers at Colorado State University have predicted the properties o f a 
tacticity*-speciflc homogeneous catalyst (Castonguay, 1992), using a combination
Chapter 1 : Introduction 23
of ab-initio electronic structure techniques and empirical molecular mechanics 
calculations. The catalysts in question arc the zirconium mctalloccnc Zicglcr- 
Natta catalysts for propylene polymerisation. The main thrust of the research is 
towards the design of better catalysts that are stereospecific polymerisers. The 
types of vinyl olefin polymer tacticity are shown in Figure 1.9.
isotactic
syndiotactic
atactic
Figure 1.9. Types of polymer tacticity
The most widely accepted mechanism for Ziegler-Natta olefin polymerisation is 
the Cossee mechanism (Cossee, 1964; Arlman, 1964) (Figure 1.10). In the Cossee 
mechanism, a vacant coordination site is generated initially, followed by olefin 
complexation. Formal migration of the polymer chain, P, and formation of a 
metal-carbon bond occur concertedly through a four-centre transition state. This
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recreates a vacant coordination site at the site originally occupied by the polymer 
chain and the polymerisation process continues.
Me
Me
Me
M - - -
KEY:-
n  = vacant coordination site (P) = polymer chain
Figure 1.10. Schematic Representation of the Cossee Mechanism for Zielger-
Natta Olefin Polymerisation.
Modelling studies were utilised to explore the reaction mechanisms and products. 
The Drieding molecular mechanics foree-field (Mayo, 1990) was modified to 
include zirconium and centroids for olefins, p^-Ti-allyls and eyclopentadienyl 
rings and then successfully applied to investigate the origin o f tacticity in the 
Ziegler-Natta polymerisation of propylene.
Further work by Ramdas (1994) extends these studies to a greater range of 
zireoneeene complexes which produce a variety of polymer properties (Figure 
1.11). Molecular mechanics calculations were performed using the Universal 
Force Field (Rappé, 1992) as part of the Cerius^ (1994) software, with parameters 
modified as a result of analyses of erystallographie data for such complexes within
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the Cambridge Structural Database. These studies demonstrate the importance of 
effective methods of simulating structural and mechanistic changes resulting from 
the modification of ligands. These studies narrow the chemical options on the 
ligands, leading to successful, focused and cost effective experimental trials on 
novel catalysts.
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Original "Kaminsky 
catalyst"
Comparable activity, 
much higher molecular weight
Me
Me,
Me TSi
Me
High activity, but 
no comonomer 
incorporation.
Very high activity, 
excellent comonomer 
incorporation.
Me
Me
Very high activity, 
syndiotactic PP.
High activity, 
isotactic PP.
Figure 1.11. Zireoneeene Catalysts Influencing a Range of Polymer Properties.
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1.3.4.2 Steric and Electronic Factors in Rheninm Complexes
Steric and electronic factors often play opposing roles in determining the structure 
o f metal complexes. In many cases, a sterically favoured conformation may not be 
the electronically favoured conformation or vice-versa. Such effects are present in 
a series o f di-rhenium carbonyl isonitrile complexes [Re2(CO)iO-n(CNR)n], 
where n=I, R= Bu^; n=2,4, R^C^HgMc2-2,6;n=3, R=Me (Albers, 1984 and 
Harris, 1985).
Isonitriles are weaker pi-acceptors than carbonyls (Yamamota, 1972 and 1980); 
increasing isonitrile substitution would be expected to result in a weakening, and 
hence a lengthening, of the metal-metal bond (Wyckoff, 1963). A lengthening of 
the Re-Re bond could also be expected on purely steric grounds in order to reduce 
the repulsion between bulky isonitrile groups. This is especially true in the tetra- 
substituted complex. Molecular mechanics strain energy calculations (Cole, 1992) 
were performed in order to quantify the relative importance of the two effects. The 
calculations included no explicit terms for electronic effects such as Tc-bonding, 
and as such allow examination of the steric effects present alone. Table 1.2 
compares the calculated and observed Re-Re bond lengths for the structures 
studied.
Table 1.2. Molecular Mechanics Calculated and Observed Rhenium-Rhenium
Bond Lengths.
Re-Re bond length (A)
Structure Crystal Calculated
Rc2(CO)io 3.04ia 3.041
Re2 (CO)9 (CNBut) 3.048b 3.042
RG2(C0)g(CNC6H3Me2)2 3.047C 3.044
Re2 (CO)7 (CNMe)3 3.049G 3.047
Re2(C0)6(CNC6H3Me2)4 3.081C 3.050
References; ^Churchill, 1981;^Albers, 1984; and ^Harris, 1985.
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In comparison, both the calculated and observed results rise with increasing 
isonitrile substitution but less significantly in the calculated values. It is believed 
that the difference can be attributed to electronic effects not included in the 
modelling calculations. The conclusion drawn is that in the series studied, 
electronic factors have a greater influence on the Re-Re bond length than purely 
steric considerations.
Unfortunately, the 'crudeness’ of the parameters used by Cole (parameters 
developed and tested only on a small sample size) precludes the chance to develop 
an empirical model for 7i-back bonding in such compounds. Further work is 
necessary before this goal can be achieved.
1.3.4.3 Conducting Complexes
Square planar complexes, and in particular square planar macrocyclic complexes, 
of transition metals have already proved to be good conductors. Several examples 
of compounds which conduct are glyoximates (Brown, 1979), 
dibenzotetraazannulenes (Lin, 1980), hemiporphyrazines (Dirk, 1984) and 
phtalocyanines (Petersen, 1977). In all of these cases, the central metal atom has 
the possibility of bond formation perpendicular to the square coordination plane 
and partial oxidation with a halogen (most commonly iodine) afforded molecular 
conductors (Figures 1.12 and 1.13).
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Figure 1.12. Chain structure in Hemiporphyrazines.
X
Figure 1.13. Chemical structure of Phtalocyanine macrocycle.
The solid state chemistry of chromium(II) has been of great interest for a number 
of years (Halepota, 1989a,b and Jubb, 1989a) with a view to gaining an 
understanding of the unusual and varied magnetic behaviour observed. With the 
correct choice of ligands, it is hoped that stacked Cr(ll) complexes with 
conductance bands may be prepared. X-ray crystallography provides initial 
structural information but the necessary modification of the ligands to alter the 
resultant stacking is left to chemical experience and empiricism rather than choice
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on a rational basis. For example, in the structure of [Cr(NCS)2(thiourea)2)] (Jubb, 
1989b) a stacked square-planar arrangement is found in which the metal-metal 
(Cr-Cr) separation is about 4.0 A, which is too long to be of significance (Figure 
1.14).
:cf
(NH2)2CSU/ NOS
3.97Â
SCN" : 'SC(NH2)2
Figure 1.14. Cr-Cr separation in [Cr(NCS)2 (thiourea)2 ]
It is not however clear what modifications could be made to the ligands in order to 
induce a smaller separation between the metal centres. Practical experimentation 
is slow with the need for X-ray erystallographie characterisation of the resultant 
crystals to determine structural changes induced by modification of individual 
ligands. In this respect, effective molecular modelling methods could be o f great 
use in studying such systems. Previous work within this research group has 
demonstrated successfully how computational methods can be applied to the study 
of solid state systems (Cole, 1992). X-ray crystal structures are available for both 
propane-diammonium tetrachlorochromate(ll) and diethane-tetrachlorocuprate(ll). 
This later structure was used as an initial structural model on which molecular 
mechanics force field parameters could be optimised. The copper centre is 
replaced with chromium to provide a common link between the two structures. 
Initial Cr-Cl force constants were derived from spectroscopic data. These 
parameters were then used to successfully reproduce the analogous propane- 
diammonium structure. Elongation of the unit cell along the «-direction to 
accommodate the larger cation causes a skewing of the [CrCl^]^" planes, and this 
is well reproduced by the modelling studies. Such a study is based on only very
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limited data and there is no justification for using the derived parameters on any 
structurally dissimilar unit cells.
1.3.4.4 Conformational Analysis of Metal Coordination Complexes
Work conducted concurrently to our own has demonstrated how methods initially 
developed to investigate the problem of performing computational conformational 
analysis, to search conformational space and locate conformations at or near 
energy minima (Dolata, 1987; Leach, 1988, 1990a,b,c,d) can be applied to the 
study of transition metal coordination complexes (Leach, 1993). The objectives 
were to develop a means of rapidly and automatically exploring conformational 
space. Using techniques developed in Artificial Intelligence, and in particular the 
judicious use of heuristics, analogous to the 'rules of thumb' employed by human 
experts when performing complex or specialised tasks, these objectives could be 
met.
A molecule defined by atom type and connectivity is analysed to recognise 
features such as rings, bond orders, stereocentres and aromaticity. The 
conformational units present in the molecule are then determined, a unit being a 
group of connected atoms about whose conformational behaviour the system has 
some 'knowledge'. This information is stored in the knowledge base in the form of 
atom types, connectivity, bond orders and stereochemistry. The conformations 
each unit has been known to adopt are stored as 3D (xyz) coordinate templates. A 
conformation of the molecule is subsequently generated by first assigning a 
conformation to each unit from among these templates. The 3D structure is built 
by joining together different combinations of unit conformations. Search 
efficiency is enhanced by checks ensuring that unacceptable conformations are 
rejected as early as possible.
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In order to apply the algorithms to metal complexes, various additions and 
modifications were necessary. These species adopt a wider range o f geometries 
than organic species and so algorithms were developed to cope with the more 
common metal geometries: octahedral, square planar, trigonal bipyramidal. No 
modifications were necessary to the template joining algorithms and it was shown 
that good agreement between calculated and experimental X-ray structures could 
be achieved for a large number of metal complex structures. Other studies proved 
less successful, in particular palladium complexes of diindolpyridine ligands. This 
highlights a problem with knowledge-based modelling methods in that their 
performance is limited by the information contained. With organic systems, force- 
field calculations may be used to derive templates where structural data is lacking. 
This is troublesome for inorganic systems where the force fields are not so well 
developed and it is often necessary to rely solely on results o f X-ray 
crystallography or introduce an element of chemical 'intuition'. It is arguable 
though that the amount of data needed in order to derive the necessary knowledge 
can be less than is needed to parameterise a force field.
1.4 LAYOUT OF THESIS
Following this introductory chapter, this thesis is divided into three main 
experimental chapters followed by a final summarising chapter. The layout is as 
follows:
• Chapter 2 covers the application of an existing modelling method, that of 
molecular mechanics, to the study of a range of problems in metal complex 
chemistry. These studies outline the usefulness o f molecular mechanics but 
also highlight many of the problems encountered in its application.
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• Chapter 3 details the use of chemical databases in coordination chemistry and 
in particular the development of a new data format tailored to such 
compounds.
• Chapter 4 is devoted to the study of solid state crystal structure o f both organic 
and complex species. Packing efficiency and shape and structural similarity 
are investigated with a view to using these parameters in a predictive manner.
• Chapter 5 draws together threads from the three experimental chapters and 
offers some concluding comments.
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Chapter 2: Molecular Mechanics Studies 36
2.1 INTRODUCTION
Molecular mechanics is a computational method that is now routinely used by 
chemists. Examples of this approach have been well documented in the literature 
over the past twenty-five years. The sheer molecular size of many biochemical 
systems makes molecular mechanics a particularly suitable theoretical approach to 
their study. For coordination compounds of d- and f- block elements molecular 
mechanics is the most commonly utilised computational method, the number of 
electrons prohibiting the widespread use of quantum chemical methods.
The work presented in this chapter details the use of molecular mechanics in the 
study of a range of coordination compounds of current research interest. These 
studies highlight the difficulties encountered in the application of the method to 
such compounds. They, and others published in the literature, are used to assess 
the effectiveness of molecular mechanics in the study of topics in coordination 
chemistry. Potential application of the method to the rational design of metal 
complexes with specific geometries or properties is also considered.
2.2 MOLECULAR MECHANICS
2.2.1 Methodology
Molecular mechanical force fields use the equations of classical mechanics to 
describe the potential energy surfaces and physical properties of molecules. A 
molecule is described as a collection of atoms that interact with each other by a 
series of simple analytical functions, referred to as a force field. These functions 
attempt to represent the forces that determine the geometry of a molecule, thus 
neglecting the need for time-consuming calculations involved in an alternative
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quantum mechanical method. To appreciate the molecular mechanics method it is 
important to examine the underlying mathematical treatment (see for example 
Burkert, 1982). One of the fundamental assumptions is that the total energy of a 
molecule can be divided into various readily identifiable parts. In the simplest 
models, the total potential energy is broken down into four components as 
follows.
Uto.=Eu3+yu,+xu.o,+i:uvdw
The sums represent contributions to the total potential energy (Utot) due to bond 
stretching and compression terms (Ug), valence angle bending terms (Uy), 
torsional terms (U^or) and van der Waals interactions (Uy^^). In practice other 
terms are often added to this sum, such as an electrostatic term, improper torsion 
or out-of-plane bending terms and cross-terms such as stretch-bend terms.
The strain energy (Ug) arising from the stretching and compression o f a bond is 
approximated to that of a simple harmonic oscillator and can be calculated using 
Hooke's law as for a spring in classical mechanics:
U, = k , (r -r„ )2
where bonds are regarded as having an equilibrium length (r^) which will be 
distorted to an observed length (r) by strain, ky is referred to as a force constant 
and is specific to a particular type of bond. In a similar manner, the strain induced 
in deforming bond angles (Uy) is also represented using a Hooke's law expression,
Ub = ke (0 -e„ )2
where 0 is the observed bond angle, Bg the equilibrium bond angle and kg the 
force constant for a particular angle. It is important to note that the force constants
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for bond length deformation are much larger than for bond angles which are thus 
much easier to deform.
A third contribution to the total strain energy of a molecule arises from 
consideration of torsional strain. The torsional strain (Utor) is commonly 
represented by a three-term Fourier series expansion,
VI V2 V3
Utoj. =  — ( l  +  cosco) + — ( 1 - c o s 2 c d )  +  — ( l  +  cos3co)
where co is the torsional angle, and VI, V2 and V3 the first,second and third order 
torsional constants.
The energy contributions from van der Waals interactions are commonly treated 
with one of two potential functions that give the van der Waals energy as a 
function of the distance, r, between the pair of atoms. These are the Lennard-Jones 
potential function,
A  C
Uydw r l2 ^6
and the modified Buckingham potential function.
U v d w = A e x p ( - B r ) — ^
where A, B and C are parameters appropriate for each particular atom pair. Other 
codes use an approach that requires the definition of fewer parameters.
Uydw “ a
exp<a ' . - i '
V r  y y
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where r* is the sum of the van der Waals radii for the two atoms and s is the 
geometric mean of the value for identical pairs of different atoms i and j, 
i.e. Sjj = (8j.Sj)l/2.
2.2.2 Force Field Parameterisation
The concept of a force field parameter set is an essential aspect o f molecular 
mechanics calculations. The basis of the empirical molecular mechanics method is 
to use experimentally derived data to replace a priori computations. In many cases 
however, the experimental data is simply not known or not measurable. Defining 
parameters, verification of their validity, and the applicability o f these molecular 
mechanics parameters to different chemical structures are difficult but essential 
concerns.
Force fields are developed to treat classes of compounds which are composed of 
the same atom types. Examples of such classes include alkanes, amines, ethers 
and so on. Once a class of compounds has been targeted, the first step in the 
development of a force field is to identify the types of atom to be included. The 
potential functions are then parameterised such that the force field reproduces 
experimentally known structures and potential surfaces for a test set o f molecules 
from the target set. It is important to use a large set of molecules for the 
parameterisation process in order to test the limits of the transferability o f the 
force field. If  the resulting force field performs adequately on the test set, then it is 
assumed that the model can be used to predict the properties o f other molecules 
belonging to the same class. Traditionally if the force field cannot be 
parameterised to reproduce the properties of the molecules in the test set, then the 
potential energy equation may be modified by altering the form of the potential 
functions or including additional terms and the parameterisation process 
continued. The overriding goal is to develop a force field with the simplest set of
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potential functions and the least number of parameters that provides an accurate, 
well understood and transferable molecular mechanics model. For a discussion on 
molecular mechanics parameterisation methods see Breuer (1989), Bowen (1991), 
and Davies (1989).
In general, parameters are not transferable from one force field to another because 
of the different forms of potential energy equations that have been used and 
because of parameter 'correlation' within a force field. This occurs as a result of 
the nature of the parameterisation process. An error or arbitrary decision as to the 
value of a particular value can be accommodated by consistent adjustments to 
other values in the parameter set.
It is easy to see why available programs do not contain ALL possible parameters. 
Bowen (1991) points out that there are currently 68 different atom types defined 
for the MM3 program (Allinger, 1989), covering in essence only a very small 
fraction of the periodic table. Torsional parameters are defined for molecular 
segments o f the form a-b-c-d, where a,b,c and d are MM3 atom types. Most atoms 
are multivalent and can come at any position i.e. a = maximum of 68 different 
types and the same for b,c and d. This leads to 68^ possible torsional sets, and 
three times as many torsional parameters (VI, V2 and V3) to be defined in total. 
In MM3 for most simple functionalised compounds i.e. ketones or hydrocarbons 
the parameter set is complete. Where uncommon combinations of atom types are 
present, such as in heterocyclic rings, parameters are often found to be missing.
Defining missing parameters can be a troublesome process. Where experimental 
values are available, one of two approaches can be adopted. Least-squares 
methods can be adopted to optimise the parameters to best fit the available data set 
(Hopfinger, 1984) or parameters can be determined on a trial and error basis.
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Neither method is ideal as experimental data comes from a variety of sources, in a 
variety of different units and may be of varying reliability and suitability. It is for 
this reason that optimum results are unlikely to be obtained from a straightforward 
least-squares treatment alone. Where no experimental data is available, either 
suitable experiments must be undertaken or parameters determined on a trial-and- 
error basis or from ab-initio calculations. It is often difficult to devise and conduct 
suitable experiments and this is especially true in the case of determining the 
energy barrier to a torsional rotation. Where parameters must be determined on a 
trial-and-error basis, a good starting point value can be obtained by reference to 
values for similar molecular segments combined with a knowledge of the typical 
magnitude of parameters for the force field in question. In MM2 (Allinger, 1980) 
for example, the bond stretching terms are typically about 5 for single bonds, 10 
for double bonds and 15 for triple bonds, all in units of mdyn Â "!.
2.3 APPLICATION TO COORDINATION 
COMPOUNDS
2.3.1 Introduction
Molecular mechanics calculations are today a routine tool in the study of organic 
chemistry. In particular, the method has become increasingly important to the 
Pharmaceutical industry in the design of new and modified drug structures (for 
example Duchamp, 1979 and Geller, 1986). The huge financial and commercial 
advantage to be attained in the discovery of a new drug was largely responsible 
for the investment in molecular modelling methods for such species. Inorganic 
chemists, however, have been somewhat slower to grasp the potential importance 
of molecular mechanics and indeed molecular modelling methods in general. 
Recent interest in such calculations has begun to redress this imbalance with the
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publication of molecular mechanics studies on metal complex conformations 
(Raikhshtat, 1982; Drew, 1993 and Boeyens, 1992), metal ion selectivity 
(Hancock, 1990) and ligand design (Adam, 1990).
2.3.2 A Parameterisation Explosion
Many different molecular mechanics codes have been developed that contain 
force field parameters to treat a wide range of organic compounds. Whereby most 
such codes are capable of performing calculations with a minimum amount of user 
input, this level of sophistication has not yet been reached in the study of 
coordination compounds. The parameters developed cover only a fraction of the 
complete spectrum and severely limit the type of compounds that may be studied 
(Figure 1.7). For the study of coordination compounds, this reflects the much 
larger number of atom types, including for example Ti, V, Cr, Mn, Fe, Co, Ni, etc. 
and the wide range of potential.
• Metal oxidation states
• Coordination numbers
• Coordination geometries (octahedral, tetrahedral etc.)
• Ligand/donor atom types
Added together this leads to the requirement for an enormous number o f force 
field parameters in order to cover a significant number o f possible coordination 
compounds.
2.3.3 Difficulties with Conventional Force Fields
As described above the lack of fully developed force field parameters is a major 
obstacle to the study of coordination compounds using molecular mechanics. 
Unfortunately, other problems also manifest themselves in attempts to apply
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existing simple potential energy codes to the study of such compounds. These are 
described in the following sections.
2.3.3.1 Unique Labelling of Donor Atoms
Most molecular mechanics codes were developed for the study of purely organic 
molecules and atoms with a maximum valency of four. In inorganic complexes a 
problem arises in relation to the definition of unique angles and corresponding 
equilibrium values which does not arise with tetrahedral, trigonal planar or linear 
geometries. This situation occurs for any molecular shape with the possibility of 
cis- and trans- ligand orientations (this includes square-planar, trigonal 
bipyramidal, square pyramidal and octahedral geometries). For example, cis- 
diaminodichloro-platinum(II) requires the definition of two N-Pt-Cl angles i.e. 
N-Pt-Cl (cis) 90° and N-Pt-Cl (trans) 180°. This situation can be overcome by the 
incorporation of multiple atom types and equilibrium positions, but this 
necessitates tedious and over-complicated parameterisation.
2.3.3.2 Definition of Bond Angles
Definition of equilibrium bond angles can be difficult as a result o f the large 
variation of ligand-metal-ligand (L-M-L) bond angles observed at metal centres. 
This is particularly true where large bulky ligands (i.e. triphenylphosphines) are 
coordinated to a single metal centre. The presence of such ligands can lead to a 
significant deviation fi*om the ideal coordination geometry. The harmonic energy 
term used to evaluate bond angles may not be best suited to such situations, and a 
much softer deformational expression would be more appropriate. A proposed 
solution is the addition of higher order terms to the bond angle term (Allured, 
1991). This is particularly difficult to achieve as it requires not only modification 
to the source code of the molecular mechanics program in question, but also 
requires further parameterisation.
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2.3.3.3 Partial Charges/Electronic Effects
O f particular concern in the study of any compound with molecular mechanics, 
whether it be organic or inorganic, is the effect of atomic partial charges in the 
structure. In purely organic systems partial charges (calculated using a quantum 
mechanical method) may be included in a calculation if desired. For coordination 
compounds, the estimation of partial charges via a quantum chemical calculation 
is generally not an option. For this reason partial charges arc rarely included. The 
principal focus of most studies is the stcric interaction between ligands about a 
metal centre. These stcric interactions are controlled by the van der Waals' 
parameters. In essence, electronic considerations are already implicitly included 
within the force field without the need for partial charges. The different electronic 
properties of various d-eleetron configurations are manifested in the 
parameterisation of a particular metal ligand system i.e. the values o f rg and kg for 
a coordinate bond already contain an assessment of the eleetronie effect (for 
example, Ti-bonding and partial charges on the donor and metal atoms). 
Significantly, parameters developed for a particular coordinate bond cannot be 
directly transferred to another system where electronic or electrostatic effects are 
introduced via other ligands or substituents.
Separation of the electronic and strain forces for a metal-donor bond would be a 
desirable goal provided that reliable parameters could be obtained. Further 
parameterisation problems are however particularly undesirable as they increase 
the reliance on assumptions made by the user in developing the force field.
2.3.4 Adopted Solutions
Despite the above difficulties, great use has been made of existing molecular 
mechanics codes in the study of coordination compounds. The bulk of the 
structure in many coordination compounds is composed of organic constituents
Chapter 2: Molecular Mechanics Studies 45
(the ligands), and so the tendency has been to adapt existing organic force field 
codes to allow for the addition of a central metal atom. In this way it has not been 
necessary to develop entirely new force fields, but only the portion of the force 
field that is needed to treat the new interactions incurred by the presence of the 
metal. The process may involve making modifications to the program code or be 
as simple as adding a number of parameters to the force field. Two key molecular 
mechanics methods are available. Firstly, the so called valence force field method, 
and secondly the points on a sphere method.
The valence force field method is the most commonly adopted method, an 
extension from an existing organic valence force field treating a metal like any 
other atom in the molecule. The molecular mechanics program code requires little 
alteration in order to accommodate coordination compounds. Generally the only 
modifications necessary are to allow for a higher number of connections per atom, 
and to allow for the possibility of more than one L-M-L angle to be defined, i.e. in 
a eis- and trans- orientation. This problem does not occur in organic structures, but 
in coordination chemistry the many different geometries possible at a metal centre 
(square planar, square pyramidal, trigonal bipyramidal, octahedral etc.) lead to the 
need to define multiple angle types in certain eases. The SHAPES empirical force 
field (Allured, 1991) is a new refinement of this approach, whereby these angular 
preferences are defined in relation to angular overlap considerations. Angular 
potential energies are expressed as periodic Fourier terms in spherical internal 
coordinates. This formulation provides a general description of many idealised 
geometries including square planar, octahedral etc.
The second approach is termed the points on a sphere method, and assumes that 
the donor atoms attached to a metal centre will tend to arrange themselves such as 
to minimise donor atom-donor atom repulsions. To circumvent the need to define
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L-M-L bond angles for each geometry, these terms are replaced by L...L van der 
Waals terms. In this manner the bond angles themselves are determined by van 
der Waals interactions between the ligand donor atoms. All other interactions are 
treated as in the valence force field method. The program code needs to be altered 
as before to increase the number of allowable attachments per atom and to include 
the L...L 1,3-interactions. Bond angles at the metal centre (L-M-L) are commonly 
removed by setting the appropriate angular force constants to zero. The points on 
a sphere method is advantageous in a number of areas, avoiding the need for 
troublesome definition of L-M-L bond angles and requires correspondingly fewer 
parameters. On the negative side, extra precautions are necessary for some 
geometries i.e. square planar, where the method will always favour a tetrahedral 
minimised geometry. This can be overcome by additional modifications to the 
program code to restrict the metal and donor atoms to lie in the same plane or by 
introducing lone pairs in the empty axial positions.
One particular solution MM2MX (Brecknell, 1985 and Ferguson, 1990), a 
modified version of the MM2 program, is discussed in greater detail below.
2.3.5 The MM2MX/RIPS Program
2.3.5.1 Introduction
Metal complexes with a coordination number greater than six present a unique 
problem in defining natural bond angles about the metal centre, because there are 
several different such angles in a particular complex. In addition, the entire 
concept of a natural bond angle may be considered inappropriate for metal centres 
of high coordination number since the geometries appear to be determined to a 
large extent by ligand-ligand interactions. This is clearly reflected by the
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variability o f bond angles at metal centres in sueh structures and the resulting 
conformational diversity (Richardson, 1982).
In principle it is possible to define a natural bond angle for each specific pair of 
donor atoms at a metal centre, but this results in an enormous number of 
parameters. For example, a seven-coordinate metal complex has a total of 21 sueh 
angles to be defined. More dangerously, the resulting minimised structure would 
always be directly correlated with the choice of such natural angles i.e. 'biasing' 
the minimisation procedure towards the same geometry in all cases. Often very 
little structural information is available experimentally upon which a choice of 
natural angles can be based and this further jeopardises the validity of defining 
natural bond angles for structures of high coordination number.
A further problem with the application of traditional molecular mechanics codes 
to the study of high-coordinate metal complexes is the problem of local minima. 
The resultant minimised structure in molecular mechanics has always been 
particularly dependant on the choice of starting model. This has been overcome in 
the past by performing multiple calculations from different starting points. This, 
however, still does not guarantee that the global minimum will be located and this 
is especially the ease where a large number of local minima are likely to occur 
around the global potential energy minimum.
These problems led to the development by Ferguson and Raber o f MM2MX- 
RIPS, a metal extended MM2 program combined with RIPS, a new procedure for 
searching the potential energy surface of a molecule looking for the global 
minimum.
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2.3.S.2 The MM2MX Force Field
The MM2MX allows the study of structures with coordination numbers up to 20 
and with as many as 999 atoms. To counter the problem of defining natural bond 
angles for high coordinate metal complexes, bonds about the metal centre may be 
treated in a different manner. The bending terms for all bond angles involving the 
metal as the central atom are nullified by setting the appropriate bending force 
constant to zero. Sterie effects are then allowed to dominate at the metal centre by 
specifically including the 1,3-non-bonded interactions between atoms bound 
directly to the metal centre. All other 1,3-non-bonded interactions are evaluated 
normally, using only the standard bending term. Figure 2.1 depicts the standard 
and modified methods for calculating 1,3 interactions.
Standard Algorithm
* Calculate bond angle bending interaction
* Omit van der Waals' interaction
Modified Algorithm
* Calculate van der Waals'interaction
* Omit bond angle bending terms
Figure 2.1. Standard and modified method for calculating 1,3-interactions about
an atom centre.
No new parameters are included with the MM2MX program and it is left to the 
user to develop parameters for specific structural problems as was the ease with 
MM2.
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2.3.S.3 The RIPS Procedure
As mentioned above, the problem of local minima in the minimisation path often 
prevents the location of a true global minimum. For large complex systems with 
many degrees of freedom this ean be particularly critical. The RIPS (Random 
Incremental Pulse Search) used in conjunction with the MM2MX force field ean 
be used to circumvent the local minima problem (Ferguson, 1989). The RIPS 
program applies a pseudo-Monte Carlo approach by which random changes in the 
positions of each atom (or a specified subset of atoms) can be used to perturb the 
input geometry. Each generated starting molecule is minimised in order to locate a 
minimum energy structure. Whereas conventional methods ean only proceed 
downhill on the potential energy surface, the RIPS method allows the crossing of 
energy barriers to locate new minima.
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2.4 EIGHT/NINE COORDINATE URANIUM 
COMPLEXES
2.4.1 Introduction
The majority of molecular mechanics calculations have been performed on 
organic compounds, with increasing interest in the study of molecular systems 
involving metal centres. These studies have to a large extent concentrated on 4- 
and 6-coordinate complexes of cobalt and nickel with di-, tri- or polyamine 
ligands. The molecular mechanics programs used for these calculations have, as 
described previously, followed procedures that were quite similar to the 
conventional methods employed for organic compounds. Continued interest in the 
structures, properties and reactions of lanthanide and actinide metal complexes 
has led to a desire to use molecular mechanics as an investigative tool in this area.
OF
Figure 2.2. The structure of U(tta)4 , tetrakis(thenoyltrifluroacetonato)-
uranium(IV).
The aim of this work is to use molecular graphics and molecular mechanics to 
study a particular aspect of uranium chemistry; the reaction of U(tta)4  (Figure 2.2) 
with substituted pyridines.
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The eight-coordinate thenoylacetonates of uranium(IV), U(tta)4 , form nine- 
coordinate adducts in the solid state (Leipoldt, 1975) and in solution 
(Ramakrishna, 1980) with monodentate substrates S, U(tta)4 S. The investigation 
of these is relevan^olvent extraction systems. Experimentally a difference is 
observed in the observed equilibrium constants, P 1, for the reactions,
U(tta)4  + S U(tta)4 S
where tta = thenoyltrifluroacetylacetonato ligand and S = 4-methylpyridine, or 2- 
methylpyridine, with,
P 1 = [U(tta)4 S]/[[U(tta)4 ][S]
Bullock (1993) reports that for complexation with 2-methylpyridine logjoP 1 ==
0.83 and with 4-methylpyridine logjoPi = 2.44. The 2-methylpyridine has a p % 
value at least one order of magnitude lower than might be expected from pÆ^
values. This is attributed by Bullock to stcric hindrance between the methyl 
substituent and the tta ligand. Table 2.1. lists values of logioP 1 and pÆ^ for the 
complexation of some nitrogen bases with U(tta)4 .
Table 2.1. Complexation (1:1) of nitrogen bases with U(tta)4  
in benzene - results from electronic spectroscopy.
Ligand (S) logloP1 P^a
3,4-Lutidine 2.31 (0.02) 6.46
3,5-Lutidine 2.37(0.01) 6.17
4-Picoline (4-methylpyridine) 2.44 (0.01) 6.03
2-Picoline (2-methylpyridine) 0.83 (0.01) 5.95
Pyridine 1.98 (0.01) 5.23
4-Toluidene 1.09 (0.01) 5.08
Aniline 0.74 (0.02) 4.63
3-Chloroaniline 0.76 (0.07) 3.46
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The MM2MX/RIPS molecular mechanics procedure (Ferguson, 1990) is used in 
order to study the structural aspects of this problem.
Use of the MM2MX procedure has proved useful in the study of hepta-coordinate 
lanthanide complexes, reproducing accurately the essential geometric features 
present. The RIPS method consistently located the minimum energy structure and 
places less emphasis on the exact choice of starting geometry for a complex 
system, in a way removing the bias of the investigator. For these reasons the 
MM2MX-RIPS method was selected for the study of the eight and nine- 
coordinate uranium complexes that form the focus of this study.
2.4.2 Available Structural Data
Whereas with many small organic species we are able to construct from scratch a 
good starting structure using a basic molecular modelling suite, the construction of 
larger species and in particular coordination compounds is not so practical in this 
manner. The geometry around the central metal atom in a complex must be 
constructed so as not to 'lock' the designed structure into an unwanted 
conformation. Even with the use of the RIPS procedure it is still important to 
have a good initial starting model. It is far better to use known structural 
information as a starting point. The Cambridge Structural Database (CSD) (Allen, 
1979 and 1991) is an invaluable store of computer readable structural and 
bibliographic information for over 100000 carbon containing compounds 
determined by X-ray and neutron diffraction methods.
A search of the CSD Version 5.05 database (April 1993) revealed no occurrences 
o f the U(tta)4  or U(tta)4 S structures. A systematic search of the database was 
undertaken in order to locate structural information of use in constructing starting 
models for the molecular mechanics procedure. Figure 2.3 gives the CSD journal
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file information for two entries detected in a search for all occurrences o f the 
thenoyltrifluoroacetylacetonato ligand. There were only 31 hits in total for the 
ligand search fragment.
*REFC=TFOPOU // Uranyl di(thenoyltrifluoroacetonate)- (tri-n-octylphosphine oxide 
) // *FORM=C40 H59 F6 07 PI S2 U1 // *AUTH=T.H .Lu,T.J .Lee,T.Y.Lee,C.Wong // *COD 
E=85(Inorg.Nucl.Chem.Lett.) // *VOLU= 13 // *PAGE= 363 // *YEAR=1977 //
 + --------------------- + ---------------------- + -------------------- + --------------------- + ---------------------- + -------------------+ ------------------------+
*REFC=TTFATH // tetrakis(Thenoyl-trifluoroacetonato) thorium(iv) // *QUAL=at 173 
deg.K // *FORM=C32 H16 F12 08 S4 Thl // *AUTH=M.Lenner,O.Lindqvist // *CODE=107 
(Acta Crystallogr.,Sect.B) // *VOLU= 35 // *PAGE= 600 // *YEAR=1979 //
 + --------------------- + ---------------------- + -------------------- + --------------------- + ---------------------- + -------------------+ ------------------------+
Figure 2.3. Journal File entries for two of the occurrences of the 
thenoyltrifluoroacetylacetonato ligand located.
The entry with refcode TTFATH is of particular interest as a potential starting 
structure for the U(tta)4  structure. Figure 2.4 gives the frill CSD journal file 
resulting from a search for occurrences of the 1,1,1-trifluoroacetylacetonato 
(FFFacac) ligand in complexes with a coordination number of eight or higher.
This search identifies further structural data of use in the construction of initial 
starting models for U(tta)4  and U(tta)4 S and of use in the development of 
molecular mechanics force field parameters. The entry with reference code 
THTFACOl provides a 9-coordinate structure of thorium(IV) with four FFFacac 
ligands, and THTFAC and DETLOD 8-coordinate structures with four FFFacac 
ligands complexed to thorium(IV) and uranium(IV) respectively.
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COMM These are comments in the QUEST initialisation file. This file may 
COMM contain QUEST commands, such as terminal type, that are always entered.
COMM For more information enter HELP INITIALISATION FILES within QUEST.
SAVE FDAT 
T1 *CONNSER 
ATI 4M 8 
AT2 O 2 E 
AT3 C 3 E 
AT4 C 2 E 
ATS C 3 E 
AT6 O 2 
AT7 C 1 E 
AT 8 C 4 E 
AT9 F I E  
ATIO F I E  
ATll F I E  
BO 1 2 99 
BO 2 3 99 
BO 3 4 99 
BO 4 5 99 
BO 5 6 99 
BO 6 1 99 
BO 5 7 99 
BO 3 8 99 
BO 8 9 99 
BO 8 10 99 
BO 8 11 99 
END
QUEST T1
*REFC=DETLOD // tetrakis(1,1,l-Trifluoro-2,4-pentanedionato)-uranium(iv) // *FOR 
M=C20 H16 F12 08 U1 // *AUTH=P.Charpin,M .Lance,A .Navaza // *CODE=591(Acta Cryst. 
,C (Cr.Str.Comm.)) // *VOLU= 41 // *PAGE= 1721 // *YEAR=1985 //
 + --------------------+ ------------------------+ -------------------- + ---------------------- + --------------------- + --------------------- + --------------------- +
*REFC=GAFDIA // Diaqua-tris(1,1,1-trifluoro-2,4-pentanedionato-O,O')-neodymium (i 
ii) acetone solvate // *F0RM=C15 H16 F9 Ndl 08,C3 H6 01 // *AUTH=M.Nakamura,R .Na 
kamura,K .Nagai,M .Shimoi,S .Tomoda,Y .Takeuchi,A .Ouchi // *C0DE=7(Bull.Chem.Soc. Jpn 
.) // *VOLU= 59 // *PAGE= 332 // *YEAR=1986 //
 + --------------------+ ------------------------+ -------------------- + ---------------------- + --------------------- + --------------------- + ---------------------+
*REFC=THTFAC // tetrakis(Trifluoroacetylacetonate)-thorium(iv) // *FORM=C20 HIG 
F12 08 Thl // *AUTH=G.F.S.Wessels,J.G.Leipoldt,L.D.C.Bok // *CODE=29(Z.Anorg.All 
g.Chem.) // *VOLU= 393 // *PAGE= 284 // *YEAR=1972 //
*REFC=THTFAC01 // Aqua-tetrakis(trifluoro-acetylacetonato)-thorium(iv) // *FORM= 
C20 H18 F12 09 Thl // *AUTH=T.W .Hambley,D .L .Kepert,C .L .Raston,A.H .White // *CODE 
=154(Aust.J.Chem.) // *VOLU= 31 // *PAGE= 2635 // *YEAR=1978 //
Figure 2.4. CSD Journal File for occurrences of the FFFacac ligand in complexes 
with a coordination number of eight or higher.
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2.4.3 Experimental Methods
2.4.3.1 Construction of U(tta) 4  and U(tta)4 S starting models
No suitable 9-coordinate U(tta)4 X structures (where X = any monodentate ligand) 
were located in the CSD. To assess the possibility of using the 9-coordinate 
thorium(IV) structure (CSD Refcode THTFACOl) as a starting point in the 
construction of U(tta)4 S, a comparison was made between the Th(FFFacac)4  and 
U(FFFacac)4  structures (CSD Refcodes THTFAC and DETLOD respectively.) 
An overlay of the two structures is given in Figure 2.5.
Figure 2.5. Overlay in stick model representation of DETLOD and THTFAC. 
Hydrogen and fluorine atoms are omitted for clarity.
The agreement between the two structures is very good (r.m.s. deviation for all 
non-hydrogen and fluorine atoms = 0.09 Â) and permits an assumption that we 
may substitute the central thorium(IV) by uranium(IV) in THTFAC and 
THTFACOl in order to generate a suitable starting model for molecular 
mechanics calculations.
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In order to construct the three models necessary i.e. U(tta)4  and U(tta)4 S where S 
is 2-methyl or 4-methylpyridine, the following general modelling methodology 
was adopted. Initially the corresponding FFFacac complexes were constructed.
For U(FFFacac)4 ,
1) Start from the CSD THTFAC structure (tetrakis(trifluoroacetylacetonato)- 
thorium(IV).)
2) Substitute U(IV) in place of Th(IV).
For U(FFFacac)4 S,
1) Start from the CSD THTFACOl structure (aqua-tetrakis 
(trifluoroacetylacetonato)-thorium(IV)).
2) Substitute U(IV) in place of Th(IV).
3) Remove the aqua ligand.
4) Build using HyperChem energy minimised structures for the 
2-methylpyridine and 4-methylpyridine ligands (S).
5) Insert the relevant pyridine ligand (S) constructed above into the 
THTFACOl in place of the removed aqua ligand. The bond distance from 
the uranium(IV) centre was adjusted to the desired length (as obtained from 
an analysis of U-N (pyridine) bond lengths within the CSD.)
6) A number of potential starting structures were constructed by rotating the 
pyridine ring about the uranium-nitrogen bond.
Secondly, to construct the desired complexes the FFFacac ligands were replaced 
by an averaged tta ligand obtained from an analysis of the CSD data for 
occurrences of the tta structure.
Chapter 2: Molecular Mechanics Studies 57
2.4.3.2 Built Structures of U(FFFacac)4 S
Two of the U(FFFacac)4 S starting structures constructed are illustrated as stick 
model representations in Figure 2.6.
A simple graphical comparison of the two structures indicates the likely sterie 
interference between the methyl hydrogens in the 2-methylpyridine and the 
fluorine atoms in the FFFacac ligands. The likely orientation of the pyridine ring 
will be such as to position the methyl substitutent in a position of least sterie 
hindrance i.e. between the trifluoro groups on the FFFacac ligands. In the 4- 
methylpyridine structure the methyl hydrogens are well out of range of other 
atoms within the structure and the only sterie considerations in this case are for the 
much smaller pyridine hydrogens in the 2-position.
Chapter 2: Molecular Mechanics Studies 58
X
Figure 2.6 (a). 4-methylpyridine-tetrakis( 1,1,1-trifluoroacetylacetonato)- 
uranium(IV). Hydrogen atoms and bond orders are omitted for clarity.
Figure 2.6 (b). 2-methylpyridine-tetrakis( 1,1,1 -trifluoroacetylacetonato)- 
uranium(IV). Hydrogen atoms and bond orders are omitted for clarity.
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2.4.3.3 Molecular Mechanics Methods
The MM2MX-RIPS program was used throughout for all molecular mechanics 
calculations. As stated above the combination of the modified means of 
controlling geometry at the metal centre (by means of 1,3-interactions between 
donor atoms) and a means of exploring the potential energy surface for a true 
minimum, makes this method ideal for the study of high-coordinate metal 
complexes.
All parameters available were adopted as in Allinger's MM2 force field. 
Parameters involving the metal atom were developed using those published by 
Ferguson and Raber (Ferguson, 1990) as a basis, and then on a trial-and-error 
basis using further structural information obtained from the CSD and from the 
literature (Orpen, 1989). The force constants for torsional barriers around the 
uranium-donor atom (L) bonds were set to zero and bond dipole interactions 
involving the uranium-donor atom bonds (and bonds of the chelate rings) were set 
to zero. These restraints are important in allowing sterie effects to dominate at the 
metal centre.
Molecular mechanics calculations were performed on a DEC MicroVAX 
computer and structures visualised using the HyperChem program on an IBM 
PC386.
2.4.4 Results/Discussion
2.4.4.1 Force Field Parameterisation
With the lack of available structural data for the compounds of interest, the 
development of a suitable set of force field parameters is not an easy problem. 
Initially an energy minimisation study of U(FFFacac)4  was undertaken to develop
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an initial parameter set for uranium(IV) complexes of this type. In this case we are 
able to modify the parameters in order to reproduce the observed crystal structure. 
The force field was subsequently modified to reproduce the essential geometry of 
the 9-coordinate THTFACOl structure (with a U(IV) centre in place of the Th). 
Finally parameters were developed on a trial-and-error basis for the pyridine 
ligands, with a view to reproducing a coordination in accordance with other 
complexes of pyridine and U(IV) as occurring in the CSD. This is difficult as the 
two required structures are sterically strained and so a choice of a strain-free U-N 
bond length is very subjective.
The theoretical strain energy minimised structure of U(FFFacac)4  was compared 
to the corresponding crystal structure (R-factor of 0.076) via a eomparison of 
some key bond lengths and via calculation of the r.m.s deviation. The parameter 
set was adjusted in order to optimise agreement between the calculated and 
observed struetures. The final developed force field parameters that are additions 
to or modifications of the standard MM2 values are reported in Table 2.2. The 
non-bonded interaction parameters s and r* for U(IV) adopted were 0.270 and 
2.400 A respectively.
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Table 2.2. Force Field Parameters for U(1V) Complexes studied.
Bond Length Parameters. (N.B. C  denotes carbon atom in the FFFacac chelate 
ring. Oa and Ob are oxygen donor atoms in the FFFacac ligand.)
Bond type Force constant 
(mdyn A“l)
Strain-free 
bond length (A)
U-Oa 5.50 2.420
U-Ob 5.50 2.420
U-N (pyridine) 4.50 2.620
U -0  (aqua) 4.50 2.505
Oa-C 7.20 1.255
Ob-C 7.20 1.255
C'-C 5.46 1.390
C'-C(CF3) 3.30 1.520
Bond Angle Parameters
Angle type Force constant Strain-free
(mdynrad-1) bond angle (°)
U-Oa-C 0.15 138.0
U-Ob-C 0.15 133.0
Oa-C'-C 0.20 130.0
Ob-C'-C 0.20 130.0
Oa-C'-C(CF3 ) 0.40 120.0
Ob-C'-C 0.25 120.0
C'-C'-C 0.26 114.5
H-O-H (aqua) 0.32 109.4
Torsional Constants
Torsion Vj/kTmol"^ V2 /kJmol"^ V3/kJ mol" A
C'-C'-C'-C -0.270 15.000 0.000
H-C'-C'-C 0.000 15.000 0.000
Oa-C'-C'-C 0.000 16.250 0.000
Ob-C'-C'-C 0.000 16.250 0.000
Oa-C'-C'-H 0.000 16.250 0.000
Ob-C'-C'-H 0.000 16.250 0.000
F-C-C'-Oa -0.167 0.000 -0.100
U-Oa-C'-C 0.000 0.200 0.000
U-Ob-C'-C 0.000 0.200 0.000
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The same parameters were used for all the compounds studied in this work. The 
strain energy optimised structure for U(FFFacac)4  agrees well with that 
determined by X-ray diffraction. The r.m.s deviation for the fit between the two 
structures (excluding all hydrogen and fluorine atoms, due to rotational disorder in 
the crystal structure) is calculated to be 0.18 Â. The calculated minimised strain 
energy was 6.72 Kcal mokL
To verify the choice of parameters for the thenoyl rings, a strain energy 
minimisation was performed on a further available crystal structure, that of 
tetrakis(thenoyl-trifluoroacetonato)-thorium(IV) (CSD reference code TTFATH). 
The central thorium atom was substituted for uranium(IV) in line with the 
assumptions made above. The r.m.s. fit (again excluding hydrogen and fluorine 
atoms) between the calculated and experimental structures is acceptably good 
(0.24 A) and the final lowest energy structure (minimised energy 9.23Kcal mol"l) 
is depicted in Figure 2.7. The largest contribution to this r.m.s value comes from 
the positioning of the thenoyl rings, with much better agreement at the 
coordination sphere.
Figure 2.7. Predicted strain energy minimised structure of U(tta)4 . Stick model 
representation . Bond orders and hydrogen atoms are omitted for clarity.
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2.4.4.2 Studies on U(tta)4 S Structures
The 2-methyl and 4-methyl complexes constructed as described above were 
subjected to an MM2MX-RIPS strain energy minimisation procedure. A number 
o f different starting models were used to increase the likelihood o f the global 
minima being located in each case. Further to this, a limited RIPS sequence was 
run on each starting structure to drive the minimisation process towards a potential 
energy minimum. This procedure was restricted by computer resources on the 
DEC MicroVAX upon which calculations were performed. Fifty consecutive 
RIPS pulses were allowed (i.e. 50 consecutive pulses that did not produce a new 
lower-energy structure) and a maximum value of 0.5 A for the on-axis coordinate 
increment. Refinement was applied to all minimum energy structures to ensure 
that each located structure corresponded to the true minimum of the current 
specific energy well.
The calculated minimum energy geometries are compared in Table 2.3.
Table 2.3. Comparison of some structural features of the predicted minimum 
energy structures of U(tta)4 S, where S is 2-methylpyridine or 4-methyl pyridine. 
Bond distances are in A and bond angles in degrees. Calculated energies are in
Kcal mol" 1.
2-methylpyridine
complex
4-methylpyridine
complex
U-N 2.682 2.674
U-Oa 2.440 2.430
U-Ob 2.382 2.428
Oa-U-Ob (ring) 70.73 70.65
N-U-Oa 67.9 68.8
76.7 70.4
Energy 29.25 21.34
Figure 2.8 clearly depicts the difference in the geometry of the coordination 
sphere for the 2-methylpyridine and 4-methylpyridine complexes. The presence of
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the 2-methyl substituent has the effect of distorting the otherwise regular 
coordination geometry. This distortion has the effect of reducing the sterie strain 
in the 2-methylpyridine complex and reduces the large expected energy difference 
between the two complexes.
Figure 2.8. Comparison of the coordination sphere geometry of U(tta)4 S where S 
is 2-methylpyridine (left model) and 4-methylpyridine (right model). Metal and 
donor atoms only displayed in a space filled representation.
Further evidence of this distortion is manifested in the measured bond lengths and 
angles for the two structures as shown in Table 2.3. The average O-U-0 (chelate 
ring) bond angle is effectively constant for both structures. The angle formed 
between the pyridine nitrogen and the oxygen (Oa) at the coordination sphere 
(N-U-Oa) show the distortion caused by the 2-methyl group. O f the four N-U-Oa 
angles present, two are substantially larger in the 2-methylpyridine complex. The 
widening of these angles accommodates the presence of the 2-methyl substituent. 
Two angles are tabulated for each complex in Table 2.2, corresponding to the 
average of two very similar angles measured.
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The use of sterie considerations to determine the geometry at the coordination 
sphere reproduces the expected distortion caused by the presence of the 2-methyl 
pyridine substituent. The large size of the uranium metal centre, and 
corresponding uranium-donor atom bond lengths allows this sterie strain to be 
accommodated without a dramatic increase in the calculated minimum strain 
energy between the 4-methyl- and 2-methyl- substituted pyridine complexes. The 
calculated energy difference at approximately 7.91 Kcal mol"l is much smaller 
than expected as a result of this flexibility. O f greater significance is the likely 
difference in energy barriers for the complexation reaction with the two 
substituted pyridine ligands. Figure 2.9 illustrates the sterie interaction between 
the methyl hydrogen atoms and the fluorine atoms on the tta ligands as 2- 
methylpyridine approaches the U(tta)4  complex.
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(a)
Steric Hindrance
Figure 2.9. Illustration of the steric hindrance present between the methyl 
hydrogen atoms and fluorine atoms on U(tta)4  as the 2-methylpyridine ligand 
approaches the metal centre. The 2-methylpyridine shown is approximately 10 Â 
away from the U(IV) centre, (a) is a stick model representation with no bond 
orders shown on the U(tta)4  moiety for clarity and (b) a space filled
representation.
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These steric interactions form a substantial energy barrier to complexation of the 
2-methylpyridine ligand, with the pyridine nitrogen effectively hindered from 
approaching the U(IV) centre in order to coordinate. With 4-methylpyridine, 
steric constraints are less significant and the energy barrier to complexation much 
lower as a consequence.
2.4.5 Conclusions
The MM2MX force field and parameters adopted satisfactorily reproduced the 
essential features of the experimentally available structures. Force field 
parameters are reported for the first time for uranium(IV) complexes. Results for 
the crystallographically undetermined U(tta)4 S structures produced results which 
are in broad agreement with the experimental equilibrium data available. These 
studies further confirm the assumption that a force field based mainly on non­
bonded interactions about the metal centre can reproduce the essential geometric 
features o f high-coordinate metal complexes. Use of the RIPS procedure removes 
to some extent the users' input in choosing a suitable starting geometry. The 
randomisation of coordinates during calculation is particularly useful in guiding 
minimisation towards a minimum energy geometry. This was particularly useful 
in this study where there are a large number of atomic coordinates and potential 
geometries (and an associated large number of local energy minima.) Traditional 
manual selection of a starting geometry was found to be unreliable often leading 
to different minima.
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2.5 COBALT (II) SCHIFF BASE COMPLEXES
2.5.1 Introduction
Cobalt(II) complexes o f Schiff bases (see Figure 2.10) derived from 
salicylaldéhyde and alkylamines have been reported from their electronic spectra 
to have tetrahedral configurations in solution in non-donor solvents (Nishikawa, 
1964).
Co
O
Figure 2.10. General structure of Cobalt(II) Schiff Base complexes.
Irrespective of the side-chain R, the solution spectra are all very similar and 
different from the spectra of related planar complexes. The structures o f two 
cobalt(II)-Schiff base complexes [Co(nbsal)2] and [Co(tbsal)2] have both been 
shown crystallographically to exhibit distorted tetrahedral structures 
(nbsal = N-n-butylsalicylideneimate and tbsal = N-tert-butylsalicylideneimate, 
o-OC^Hz^CH^NR, where R=Bu^ and Bu^ respectively). The distortion of the 
coordination tetrahedron is observed to be much greater in [Co(tbsal)2]. Although 
[Co(nbsal)2] reacts with both nitric oxide and oxygen, [Co(tbsal)2] reacts with 
neither and it has been postulated that this difference is due to the shielding of the 
cobalt(II) metal centre by the tert-butyl groups.
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The aim of this work is to model the structures of the two Schiff-base complexes 
using molecular mechanics and explain the difference in their reactivity towards 
nitric oxide and oxygen.
2.5.2 Available Structural Data
Crystal structure data is available for both the [Co(nbsal)2] and [Co(tbsal)2] 
complexes (Larkworthy, 1994). The reactive [Co(nbsal)2] crystallises in the 
tetragonal system with a = 12.44, c = 5.395 A, Z = 2 and space group P4. The 
unreactive complex [Co(tbsal)2] crystallises in the orthorhombic system with 
a = 10.966, b = 20.037, c = 9.866 A, Z = 4 and space group Pbc2i. Bond lengths 
and angles for the two complexes are given in Table 2.4.
Table 2.4. Some Structural Features (Bond Lengths are in A and Bond angles in
degrees)
[Co(nbsal)2 ] [Co(tbsal)2 ]
Bond Lengths
C o - N 1.986 1.998
C o - 0 1.894 1.900
N - C 1.295 1.279
0 - C 1.311 1.297
Bond Angles
0  - Co - 0 113.8 113.2
0  - Co - N 96.1 97.5
0  - Co - N 118.3 113.6
N - Co - N 115.7 122.4
The table illustrates the unequal bond angles at the cobalt centre which differ 
widely from the ideal tetrahedral angle of 109.5°. The tert-butyl groups in 
[Co(tbsal)2] lead to an opening out of the N-Co-N angle from 115.7° to 122.4° 
and a corresponding lengthening of the Co-N bond lengths from 1.968 to 1.998A.
Chapter 2: Molecular Mechanics Studies 70
A structure of a 5-coordinate nitrosyl complex is also available (Groombridge, 
1992), bis(N-ethylsalieylideneiminato)-nitrosyl-cobalt(II) (Cambridge Structural 
Database reference code KURVAU). This structure is shown in Figures 2.11 (a) 
and (b).
N
(b)
Figure 2.11. (a) Stick model representation of structure with CSD refcode 
KURVAU. No bond orders shown, (b) Space Filled Model of KURVAU.
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2.5.3 Experimental Methods
The MM2MX program (Ferguson, 1990) was used throughout for all the 
molecular mechanics calculations. This program employs the MM2 force field 
(Allinger, 1980). The MM2MX program was chosen as it allows the metal angle 
bending angle terms to be replaced by 1,3-interactions between donor atoms if 
required. This method is particularly applicable to the study of slightly distorted 
tetrahedral systems as it does not require the definition of strain free L-M-L bond 
angles, the exact coordination geometry being determined by 1,3-interactions 
between the donor atoms.
For five-coordinate (square pyramidal) mono-nitrosyl complexes two options 
were available; explicit definition of the L-M-L bond angles or the use o f a 
dummy atom type (D) to form a pseudo-octahedral structure thus allowing 1,3- 
interactions to determine the coordination geometry (see Figure 2.12).
©
Figure 2.12. Schematic structure of the coordination sphere of KURVAU 
illustrating the usage of a dummy atom (D) to form a pseudo-octahedral structure.
This method was adjudged to be most suitable as both tetrahedral and the square- 
pyramidal mono-nitrosyl compounds could then be calculated on the same basis 
using the same set of parameters. Additionally it avoids the need to define strain 
free bond angles and force constants for angles at the metal centre.
Chapter 2: Molecular Mechanics Studies 72
All parameters available were adopted as in Allinger's MM2 force field. 
Parameters for Co(II) complexes have been reported by Bond (1985) and 
Hambley (1981 and 1987) and these were used initially. Other parameters were 
developed and optimised on a trial-and-error basis. The force constants for the 
torsional barriers around the Cobalt-Ligand (L) bonds were set to zero and those 
for Co-L-X-X barriers set initially to a value similar to the corresponding 
Csp^-L-X-X torsional interactions, where X is any other atom. This a commonly 
adopted procedure and reflects the lack of experimental data available for the 
rotational barriers of such bonds in metal complexes (Hay, 1993).
Molecular mechanics calculations were performed on a DEC MicroVAX 
computer and structures visualised using the HyperChem program on an IBM 
PC386. Input coordinates were obtained from crystal structure data (for 
KURVAU, [Co(nbsal)2] and [Co(tbsal)2]) or produced from modified crystal 
structures using the HyperChem program ([Co(nbsal)2NO] and [Co(tbsal)2NO]).
2.5.4 Results/Discussion
2.5.4.1 Force Field Parameterisation
To generate a force field suitable for the compounds of interest, an energy 
minimisation study of bis(N-ethylsalicylideneiminato)-nitrosyl-cobalt(II) (CSD 
refcode KURVAU) was undertaken and is described in detail.
The available crystal structure, with an R-factor of 0.059, was used to provide 
input coordinates for the MM2MX program, and the structure minimised. The 
theoretical structure was then compared to the experimental data via a comparison 
of some key bond lengths and angles and via a calculation of the r.m.s. deviation 
for all non-hydrogen atoms. The r.m.s. deviation is considered the best
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comparison as it encompasses all aspects o f the structure in one parameter. The 
parameter set was adjusted on a trial-and-error basis in order to optimise 
agreement between the calculated and observed structures i.e. to minimise the 
r.m.s difference.
The modifications and additions to the standard MM2 force field parameters that 
have been adopted in this study are given in Table 2.5. The non-bonded 
interaction parameters s and r* for Co(II) used were 0.020 Kcal m o fl and 2.20 Â 
respectively. These values are previously published values (Bond, 1985 and 
Hambley, 1984), but it was observed experimentally that quite large changes 
made little or no difference to the resulting minimised structures. These 
parameters were subsequently used for all of the compounds studied in this work.
Table 2.5. Force Field Parameters for Co(II) Schiff Base Complexes.
N.B. C  Denotes carbon atom adjacent to nitrogen donor within the chelate ring.
Bond Length Parameters
Bond type Force constant 
(mdynÂ-1)
Strain-free 
bond length (Â)
Co-N(Schiff Base) 2.500 1.950
Co-0 2.500 1.830
Co-N (nitrosyl) 1.750 1.735
Co-D (Dummy atom) 1.750 1.735
N -0  (nitrosyl) 7.500 1.160
N -C 8.000 1.300
0 -C 6.500 1.385
Metal Dependent Bond Angle Parameters
Angle type Force constant 
(mdynrad-1)
Strain-fi'ee 
bond length (°)
Co-N-C 0.300 120.0
Co-O-C 0.300 120.0
Co-N-0 (nitrosyl) 0.325 129.4
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Torsional Constants
Torsion V j/kJ mol" A V2/kJ mol"^ Vg/kJ mol"^
Co-N-C-H 0.000 2.000 0.000
Co-N-C'-H 0.000 9.000 0.000
Co-N-C'-C 0.000 16.000 0.000
N-C'-C-C 0.000 16.000 0.000
C-N-C-C 0.000 9.000 0.000
C-C-N-C 0.340 0.000 -0.600
Co-O-C-C 0.000 16.000 0.000
0-C-C-C 0.000 16.000 0.000
These parameters provide a good agreement between the structure calculated via 
the MM2MX program and those obtained experimentally from X-ray diffraction. 
The r.m.s. deviation for the fit between the two structures (overlaid in Figure 2.13) 
was calculated to be 0.14 A and some key structural parameters are compared in 
Table 2.6 (netsal = N-n-ethylsalideneimate).
Figure 2.13. Overlay in a stick model representation of all non-hydrogen atoms 
for the calculated and experimental structures of [Co(netsal)2NO].
Chapter 2: Molecular Mechanics Studies 75
Table 2.6. Comparison of some structural features of the calculated and 
experimental structures of [Co(netsal)2NO].
Calculated (MM2MX) Experimental (Crystal)
Bond Lengths
Co-N 1.958 1.951
Co-0 1.843 1.833
Co-N (nitrosyl) 1.736 1.734
Bond Angles
0-Co-N (chelate) 92.12 91.78
Co-N-0 (nitrosyl) 129.45 129.38
2.S.4.2 Tetrahedral Structures
The two tetrahedral cobalt(II) complexes [Co(nbsal)2] and [Co(tbsal)2] were 
minimised using MM2MX and the parameter set developed above. The available 
crystal structures were used to provide the starting model in both cases. As before, 
the theoretical structures were compared to the experimental data via calculation 
of the r.m.s. deviation for all non-hydrogen atoms. There is excellent agreement 
between the calculated and experimental structures. Some key structural 
parameters for [Co(nbsal)2] and [Co(tbsal)2 ] are reported in Tables 2.7 and 2.8 
respectively.
Table 2.7. Comparison of some structural features of the calculated and 
experimental structures of [Co(nbsal)2]. (Distances are in Â and angles in
degrees.)
Calculated (MM2MX) Experimental (Crystal)
Bond Tvcngths
Co-N (Schiff Base) 1.961 1.968
Co-0 1.898 1.894
Bond Angles
0-Co-N (chelate) 97.3 96.1
O-Co-0 111.2 113.8
N-Co-N 116.4 115.7
r.m.s deviation (A) of all 0.11
non-hydrogen atoms.
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Table 2.8. Comparison of some structural features of the calculated and 
experimental structures of [Co(tbsal)2]. (Distances are in A and angles in
degrees.)
Calculated (MM2MX) Experimental (Crystal)
Bond Lengths
Co-N (Schiff Base) 1.989 1.998
Co-0 1.894 1.900
Bond Angles
0-Co-N (chelate) 98.2 97.5
O-Co-0 112.5 113.2
N-Co-N 123.1 122.4
r.m.s deviation (A) of all 0.14
non-hydrogen atoms.
The calculated minimised strain energies for [Co(nbsal)2] and [Co(tbsal)2] are 
17.45 Kcal mol"l and 20.69 Kcal m ol'L
2.S.4.3 Square-Pyramidal Nitrosyl Complexes
No crystal data was available for either the [Co(nbsal)2NO] or [Co(nbsal)2NO]. 
The available crystal structure of bis(N-ethylsalicylideneiminato)-nitrosyl- 
cobalt(II) was modified using the HyperChem molecular modelling software in 
order to provide starting models for the molecular mechanics procedure. These 
structures were treated in exactly the same manner as the tetrahedral species. 
Minimisations were performed from a number of different potential starting points 
to ensure that the global minimum was attained for both structures in the 
minimisation procedure. Some key features of these predicted structures are 
reported in Table 2.9.
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Table 2.9. Comparison of some structural features of the calculated structures of 
[Co(nbsal)2NO] and [Co(tbsal)2NO]. (Distances are in Â and angles in degrees.)
[Co(nbsal)2NO] [Co(tbsal)2NO]
Bond Lengths
Co-N (ring) 1.975 2.001
Co-0 (ring) 1.840 1.846
Bond Angles
0-Co-N (ring) 91.43 92.66
Co-N-O (nitrosyl) 129.46 129.52
The calculated minimised strain energies for the predicted structures (see Figure 
2.14 (a) and (b)) of [Co(nbsal)2NO] and [Co(tbsal)2NO] are 40.69 Kcal mol“l 
and 57.89 Kcal mol"l respectively.
Figure 2.14. (a)
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(b)
Figure 2.14. Predicted strain energy minimised structure of (a) [Co(nbsal)2NO] 
and (b) [Co(tbsal)2NO]. Hydrogen atoms and bond orders are omitted for clarity.
2.S.4.4 Discussion
The molecular mechanics studies above illustrate the application of the MM2MX 
method to the study of both tetrahedral and square pyramidal metal complexes. 
Parameters are reported for Co(II) complexes of Schiff Base type ligands that 
reproduce well the geometry of complexes o f both geometries.
Strain energy minimised square pyramidal mono-nitrosyl complexes are predicted 
for nbsal and tbsal. The [Co(tbsal)2NO] complex predicted is higher in energy 
than the [Co(nbsal)2NO] complex but only by approximately 14 Kcal mol"l. In 
order to explain the difference in reactivity of the two tetrahedral complexes in the 
presence of a nitrosyl ligand it is necessary to examine other factors.
In [Co(tbsal)2] the t-butyl group effectively covers the N-Co-N angle (Figure 
2.15) and thus blocks the attack of a nitrosyl ligand.
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t-butyl group blocks 
attack of NO
(a)
Open to NO
attack
(b)
Figure 2.15. Space filled representations of (a) [Co(tbsal)2] and (b) [Co(nbsal)2] 
illustrating the steric influence of the t-butyl group in blocking the attack of a 
nitrosyl ligand. The view chosen is the same in both cases looking down on the
N-Co-N angle.
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In [Co(nbsal)2] the n-butyl chains are less obstructive, lying away from the 
N-Co-N plane leaving regions where NO could attack to form a mono-nitrosyl 
complex. Additionally in transition from a tetrahedral geometry, the chelate rings 
must rotate to form a square pyramidal mono-nitrosyl structure. The orientation of 
the n-butyl chain is such that it represents only a small steric constraint to this 
molecular reorganisation (see Figure 2.16.) Even if a nistrosyl ligand were able to 
attack the [Co(tbsal)2] centre, the bulk of the t-butyl substituents would pose a 
considerable barrier to this molecular reorganisation.
Little steric hindrance 
to rotation
Figure 2.16. Space filled representation of [Co(nbsal)2] illustrating the lack of 
steric hindrance to prevent rotation of the chelate rings in transition from a 
tetrahedral to a square pyramidal geometry. Hydrogen atoms are omitted for
clarity.
2.5.5 Conclusions
Molecular mechanics force field parameters are reported for the study of cobalt(II) 
Schiff base complexes. The MM2MX method reproduced well the structures of 
both tetrahedral and tetragonal pyramidal complexes. The use of a dummy atom to
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force a 5-coordinate complex to form a square pyramidal geometry is particularly 
useful, allowing both types of structures to be modelled using the same set of 
parameters without modification.
Use of molecular mechanics calculations alone was not sufficient to satisfactorily 
account for the difference in reactivity of the tetrahedral species with a nitrosyl 
ligand. The predicted square pyramidal mono-nitrosyl complexes were only 
separated by a small calculated energy difference. The steric hindrance along the 
reaction pathway is thought to be responsible for the observed difference in 
reactivity. This energy barrier is difficult to measure experimentally or 
theoretically. Additionally in a study such as this, where parameterisation of the 
force field is based on only a very small test data set, too much reliance must not 
be placed on the magnitude of the calculated energy results.
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2.6 LINKAGE ISOMERISM IN THIOCYANATO 
COMPLEXES
2.6.1 Introduction
Steric factors may play an important role in stabilising one or other of a pair of 
linkage isomers. For example, nitro and nitrito, and thiocyanato and 
isothiocyanato pairs differ in their steric requirements. Figure 2.17 illustrates this 
difference schematically.
Figure 2.17. Steric requirements of two pairs of ligands. Nitro and nitrito in (a), 
and thiocyanato and isothiocyanato in (b). Note that angles marked a  are larger 
than those marked p. In addition the van der Waals radius of S is larger than that
ofN .
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One or more factors may be operating simultaneously to provide a delicate 
balance of counterpoising effects. A series of compounds that illustrates the 
competing effects in linkage isomers are the square planar complexes of 
palladium(II) diphosphines. The thiocyanate ligand is an ambidentate ligand, able 
to coordinate through the nitrogen or sulphur atom. Palenik (1974) discusses the 
influence of steric and electronic 7i-bonding effects on the structures o f a series of 
these compounds with differing phosphine ligands. The occurrence of S-bonded 
thiocyanate complexes of palladium(II) when amine ligands are present but N- 
bonded thiocyanates where phosphines were present had traditionally been 
rationalised in terms of a Ti-bonding hypothesis (Norbury, 1971). Further to this, 
other complexes have been reported that complete the picture and emphasise the 
importance of steric factors in controlling structure (Beran, 1970). Palenik was 
able to demonstrate that at constant Ti-bonding capabilities, the coordination is 
dominated by steric effects, with some palladium-phosphine complexes 
containing N-bonded thiocyanate ligands for steric reasons alone.
The aim of the work presented here is to use molecular mechanics strain energy 
calculations to study the steric effects present in a series o f palladium(II)- 
phosphine complexes.
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2.6.2 Structural Data Available
The structural data used as the basis of this study is detailed in Figure 2.18 in CSD 
journal file format as retrieved from the version 5.05 (April 1993) database.
-------- 1----------- 1----------1---------- H--------- H--------- 4----------1---------- h
DPPPDNIO
Di-isothiocyanato-(1,3-bis(diphenylphosphino)propane) palladium(ii)
C29 H26 N2 P2 Pdl S2
G .J .Palenik,M .Mathew,W.L.Steffen,G.Beran 
J.Am.Chem.Soc., 97, 1059,1975
 + ---------------------- + ---------------------+ ---------------------- + ---------------------+ -------------------- + --------------------- + ----------------------+
TCPEPDIO
Isothiocyanato-thiocyanato-(1,2-bis(diphenylphosphino)ethane) palladium(ii)
C28 H24 N2 P2 Pdl S2
G .J .Palenik,M .Mathew,W.L.Steffen,G.Beran 
J.Am.Chem.Soc., 97, 1059,1975
 + ---------------------- + ---------------------+ ---------------------+ ---------------------- + --------------------+ ---------------------- + ----------------------+
DPMPDSIO
Dithiocyanato-(bis(diphenylphosphino)methane) palladium(ii)
C27 H22 N2 P2 Pdl S2
G .J .Palenik,M .Mathew,W.L .Steffen,G .Beran 
J.Am.Chem.Soc., 97, 1059,1975
 + -+   + ------------------------------------------- + ---------------------- + --------------------+ ---------------------- + -----------------------+_____________
Figure 2.18. Journal file entries for the three palladium(II) phosphine complexes
selected as a basis for this study.
The crystallographic R-factors for Pd(dpm)(SCN)2 (a), Pd(dpe)(SCN)(NCS) (b) 
and Pd(dpp)(NCS)2 are 0.025, 0.056 and 0.039 respectively.
Abbreviations:
dpm = bis(diphenyl)phosphinomethane - (C6H5)2PCH2P(C6H5)2
dpe = l,2-bis(diphenyl)phosphinoethane - (C6H5)2PCH2 CH2 P(C5H5 )2
dpp = l,3-bis(diphenyl)phosphinopropane - (C6H5)2 PCH2 CH2 CH2 P(C6H 5)2
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2.6.3 Experimental Methods
For this study, we are interested in the steric effects o f thiocyanate and
f
isothiocyanate ligands in a series of palladium(II) pho^hine complexes. As a result 
it is not practical, or indeed desirable, to define bond angles at the metal centre in 
a formal manner. For this reason the MM2MX program (Ferguson, 1990) was 
used throughout as it permits the use of 1,3-interactions between donor atoms 
instead of the formal angle bending definition.
The complexes of interest have a square planar coordination geometry and this 
presents a minor problem in the definition of the structure. In order to use the
1,3-interactions method, it is necessary to introduce two dummy atoms (D) into 
the structure to form a pseudo-octahedral coordination geometry as in Figure 2.19.
Figure 2.19. Schematic structure of the coordination sphere o f a palladium(II) 
phoshine complex illustrating the use of two dummy atoms (D) to form a pseudo- 
octahedral structure (where L is a thiocyanate or isothiocyanate ligand.)
All parameters available were initially adopted as in Allinger's MM2 force field. 
Other parameters needed were adopted from previous literature values (Caffery, 
1991; Lee, 1992; Brown, 1992 and Robinet, 1991) for similar molecular systems. 
Force constants for the torsional barriers about Pd-L (ligand) bonds and those for 
Pd-L-X-X bonds were set to zero.
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Molecular mechanics calculations were performed on a DEC MicroVAX 
computer and structures visualised using the HyperChem suite on an IBM PC386. 
Parameters were modified in order to optimise the fit between the calculated and 
experimentally observed crystal structure coordinates for the three complexes 
available in the CSD. These optimised force field parameters were then used 
unchanged to perform predictive calculations on the full range of 
thiocyanate/isothiocyanate isomers. Input structures for these theoretical 
complexes were generated by modification of the existing crystal structures using 
the HyperChem program.
2.6.4 Results/Discussion
2.6.4.1 Parameterisation
To generate the necessary force field parameters, a molecular mechanics strain 
energy minimisation study was carried out on Pd(dpm)(SCN)2, 
Pd(dpe)(SCN)(NCS) and Pd(dpp)(NCS)2. The crystal coordinates retrieved firom 
the CSD were used as the input for the MM2MX procedure. The calculated 
minimised structures were compared to the experimental values by means o f an 
r.m.s. deviation calculation for all non-hydrogen atoms. Parameters were 
optimised on a trial-and-error basis in order to minimise the r.m.s deviation 
between the calculated and experimentally observed coordinates. The final set of 
force field parameters used for all the compounds studied in this work are reported 
in Table 2.10.
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Table 2.10. Force Field Parameters for Pd(II) Phosphine Complexes of 
Thiocyanates and Isothiocyanates. (Note: S* is sulphur in thiocyanato ligand, N* 
is nitrogen in isothiocyanato ligand, D is the dummy atom type used to constrain
the geometry).
Bond Length Parameters
Bond type Force constant 
(mdynÂ“l)
Strain-free 
bond length (A)
Pd-P 4.50 2.243
Pd-S* 2.50 2.355
Pd-N* 2.50 2.027
S*-C 10.00 1.650
N*-C 15.00 1.134
c-s 10.00 1.622
C-N 15.00 1.145
P-C 2.30 1.820
P-D 2.50 2.020
Bond Angle Parameters
Angle type Force constant 
(mdynrad-1)
Strain-free 
bond length (°)
Pd-P-C 0.100 109.47
Pd-N*-C 0.250 167.60
Pd-S*-C 0.250 105.21
N*-C-S 0.300 178.59
S*-C-N 0.300 176.08
Torsional Constants
Torsion Vi/kJmol-1 V2 /kJ mol"l Vg/kJ m opl
P-C-C-P 0.200 0.270 0.093
The non-bonded interaction parameters s and r* were estimated to be 0.020 and 
2.20Â respectively. It was observed during the course of this study that quite large 
variations in the choice of these parameters had little effect on the resulting 
structures. Although the absolute values of the minimised strain energies varied
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with the choice of s and r*, the order of results was the same in each case with 
similar energy differences between the isomers studied.
Some key structural features of the calculated and experimental structures used in 
the parameterisation process are given in Table 2.11.
Table 2.11. Comparison of some key structural features for the calculated and 
experimental structures of Pd(dpp)(NCS)2, Pd(dpe)(SCN)(NCS), Pd(dpp)(NCS)2- 
Experimental structures are taken from the references given in F ig u re 2J? Bond 
lengths are given in Â and bond angles in degrees.
Pd(dpm)(SCN)2 Pd(dpe)(SCN)(NCS) Pd(dpp)(NCS)2
Bond Lengths
Pd-S* 2.262
2.281
2.380
2.375
2.364 2.379
Pd-N* - - 2.062 2.059 2.051
2.051
2.055
2.053
Pd-P 2.262 2.279 2.245 2.281 2.241 2.260
2.281 2.282 2.259 2.273 2.241 2.257
Bond Angles
P-Pd-P 73.2 71.8 85.1 87.2 89.3 93.4
Strain energy minimised structures are displayed in Figures 2.20, 2.21 and 2.22 
overlaid with the corresponding crystal structure.
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Figure 2.20. Overlay in a stick model representation of the calculated and X-ray 
crystal structures of Pd(dpm)(NCS)2. Hydrogen atoms are omitted for clarity.
Figure 2.21. Overlay in a stick model representation of the calculated and X-ray 
crystal structures of Pd(dpe)(SCN)(NCS). Hydrogen atoms are omitted for clarity.
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Figure 2.22. Overlay in a stick model representation of the calculated and X-ray 
crystal structures of Pd(dpp)(NCS)2. Hydrogen atoms are omitted for clarity.
Agreement between the calculated and experimental X-ray structures is good with 
r.m.s. deviations for all non-hydrogen atoms of 0.46, 0.44 and 0.55Â respectively. 
A large proportion of this deviation results from the orientation of the phenyl 
rings.
2.6.4.2 Predictive Calculations
The force field developed above was used to study other isomers of the three 
structures discussed above, for which no crystal structure data was available. The 
HyperChem suite was used to generate the input structures by modification of the 
available crystal structures. The minimised strain energies for the structures 
modelled (Figure 2.23) are given in Table 2.12.
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Figure 2.23. Structures o f all the Palladium(II) Complexes discussed in this study: 
(a) Pd(dpm)(SCN)2 , (b) Pd(dpm)(NCS)(SCN), (c) Pd(dpm)(SCN)2 ,
(d) Pd(dpe)(NCS)(SCN), (e) Pd(dpe)(SCN)2 , (f) Pd(dpe)(NCS)2 ,
(g) Pd(dpp)(NCS)2, (h) Pd(dpp)(SCN)(NCS) and (i) Pd(dpp)(SCN)2- 
Structures (a), (d) and (g) marked with an asterisk are those that have been 
determined experimentally by X-ray crystallography.
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Table 2.12. Results of MM2MX Calculations. Energy values are in kcal m ol'l, 
r.m.s fit is the calculated deviation for all non-hydrogen atoms between the 
calculated and experimental structures in Â (as referenced above).
Complex Name Energy r.m.s fit
(c) Pd(dpm)(NCS)2 20.08 -
(b) Pd(dpm)(NCS)(SCN) 20.80 -
(a) Pd(dpm)(SCN)2 23.04 0.46
(f) Pd(dpe)(NCS)2 21.13 -
(d) Pd(dpe)(NCS)(SCN) 23.86 0.44
(e)Pd(dpe)(SCN)2 26.59 -
(g) Pd(dpp)(NCS)2 21.85 0.55
(h) Pd(dpp)(SCN)(NCS) 24.82 -
(i)Pd(dpp)(SCN)2 28.94 -
2.6.4.3 Discussion
From a steric viewpoint, the order of minimised strain energies for the nine 
compounds studied is as expected. For each phosphine, the strain energy increases 
as the isothiocyanate is substituted for the sterically more demanding thiocyanate 
ligand. As the phosphine chelate ring is expanded to five and then six atoms, the 
P-Pd-P bond angle expands increasing the steric crowding at the metal centre. 
First one and then both thiocyanate ligands rearrange as less room is available 
around the palladium atom.
The electronic environment on the phosphorous is essentially constant across the 
entire series. From an electronic point o f view, the non-Ti-bonding N-bonded 
isothiocyanate offers less competition when trans- to the Ti-bonding phosphine 
phosphorous donor. Consequently, where steric factors are not of concern the bis- 
isothiocyanate complex (Figure 2.23 (a)) would be expected to be the favoured 
structure. This is not the case. The isomer determined experimentally has two S-
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bonding thiocyanate ligands. Other electronic factors are thought to account for 
this difference. Meek et al. (1970) suggest that if the ligand were N-bonded (i.e. 
approximately linear), the filled 71-orbitals of the N=C triple bond would 
experience a large repulsive interaction with the phenyl ring 71-cloud. In S- 
bonding, this 71-orbital interaction may be minimised.
2.6.5 Conclusions
Parameters are reported for the study of square planar complexes o f palladium(II) 
phosphine complexes with thiocyanate and isothiocyanate ligands. Molecular 
mechanics strain energy minimisation studies are able to reproduce the structures 
o f known complexes to a good degree of accuracy. The MM2MX method proves 
particularly useful for the study of square planar complexes of the type discussed, 
allowing steric considerations to determine the coordination geometry. As a result 
we are able to assess objectively the influence of purely electronic considerations 
on the resultant structure. Other approaches involving the definition of formal 
equilibrium bond angles would be difficult to achieve, requiring a much larger set 
of test structures to attain satisfactory parameterisation. In a series o f complexes 
such as this, it is debatable as to whether a single formal equilibrium P-Pd-P angle 
would be appropriate. One such angle might be needed for each phosphine bridge 
size (P-C-P, P-C-C-P and P-C-C-C-P.) The use of 1,3-interactions in place of 
formal bond angles removes the need for such concerns.
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2.7 CIS/TRANS ISOMERISM IN TUNGSTEN 
PHOSPHINE COMPLEXES
2.7.1 Introduction
A further example of where steric and electronic factors are both responsible for 
determining the structure of a series of isomers is illustrated by the case of the 
substituted tungsten carbonyls. When cw-W(CO)4 (Me2NCH2 CH2 CH2NMe2 ) is 
treated (Figure 2.24) with a variety o f phosphines, represented by L, the chelating 
amine ligand (tmpa) is displaced by L to afford cis- and trans-^{CO)â^ l.2 
complexes.
W(CO)4(tmpa) +L 
tmpa = Me2N(CH2)3NMe2
CO 
GO,. I ..CO
OC^'^>L
K OC,. I .,00
w
OC"  ^ ^ 0 0
+ L
CO LOC,. I .,C0  OC,. I ,co
oc<V>L "  o c T c o
L L
c/s-W(C0 )4L2 c/s-W(CO)4L2
Figure 2.24. Formation of cis- and trans-W(C0)4L2 complexes, where L is a
phosphine ligand.
The nature of the phosphine ligand (L) influences the observed ratio of cisltrans 
complexes obtained. Table 2.13 illustrates the relationship between this isomer 
ratio and the steric bulk of the ligands. The most convenient way of quantifying
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the steric size of a particular ligand is in terms of the cone angle (Tolman, 1977). 
This is defined (for a ligand of the form PR3 ) as shown in Figure 2.25 below.
Table 2.13. Distribution of cis- and trans- isomer population by cone angle (in
degrees).
L Cone Angle % cis % trans
PPh2H 126 100 0
PPh2Et 140 38 62
PPh2 (tBu) 157 21 79
P(p-toluidine)3 145 21 79
P(o-toluidine)3 194 0 100
M-P
bond length
Figure 2.25. Definition of the Tolman Cone Angle (0) defined to circumscribe the 
van der Waals' radii associated with all atoms in the PR3 ligand. M = metal centre.
In this study, we aim to develop a set of molecular mechanics force field 
parameters suitable for the study of such compounds. The experimentally 
observed data is compared with calculated molecular mechanics strain energies.
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2.7.2 Structural Data Available
Only a very limited amount of crystal structure information is available from 
which a set of force field parameters can be developed, and from which initial 
models may be constructed, A search of the Cambridge Structural Database 
version 5.06 (October 1993) was conducted for suitable structural fragments to 
use in this study. None of the compounds of interest (W(CO)4L2, where L is as in 
Table 2.13) were found. Searches for the phosphine ligands and tetra-carbonyl 
tungsten fragments were more successful. Figure 2.26 shows an octahedral 
complex containing a tetra-carbonyl tungsten fragment that was used as a basis for 
the construction of all the starting structures required.
Figure 2.26. Structure of CSD Refcode BIVGOCIO: Tetracarbonyl-(alpha- 
diphenylphosphiniyl-acetophenone-P)-(hydroxydiphenylphosphino-p)-tungsten. 
Structure is displayed in a stick model representation with hydrogen atoms 
omitted for clarity. No bond orders are shown.
Many occurrences of the PPh2Et ligand were located, one of which is shown in 
Figure 2.27. No occurrences of either the PPh2H or PPh2 (^Bu) were located 
within the CSD.
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Figure 2.27. Structure of CSD Refcode CPEPPT: Dicarbonyl- 
bis(diphenylethylphosphine) platinum. Structure is displayed in a stick model 
representation with hydrogen atoms omitted for clarity. No bond orders are
shown.
2.7.3 Experimental Methods
The aims of this study are to explore the influence of steric factors on the 
structures o f a series of tungsten tetra-carbonyl phosphine complexes using the 
molecular mechanics method. As outlined above very little structural information 
is available from which force field parameterisation may proceed. As with the 
study on palladium(II) phosphine complexes, the MM2MX program was chosen 
to perform the molecular mechanics calculations as it permits the use of
1,3-interactions between donor atoms in place of the formal angle bending 
specification. Both methods were evaluated to select the m o ^  appropriate to the 
study.
All the complexes to be studied have an octahedral coordination geometry and so 
no special geometrical constraints were necessary. Initial models for each 
complex were constructed in the HyperChem program using the BIVGOCIO
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structure (Figure 2.26) and where possible the ligand fragments retrieved from the 
CSD. Other ligands were constructed by modification of this structural data using 
the HyperChem modelling tools. All calculations were performed on a DEC 
Micro VAX using the MM2MX program. Initial force field parameters were taken 
from Allinger's MM2 force field or estimated from previous literature values or 
analogy to similar parameters (Caffery, 1991; Lee, 1992 and Brown, 1992) As is 
common in these types of calculations, torsional constants about the tungsten 
ligand bonds were set to zero. Those for W-L-X-X bonds were, as previously in 
this chapter, set initially to values similar to the corresponding Csp^-L-X-X 
torsions.
The lack of crystal structure information for a member of the series to be studied 
or for a similar complex makes the parameterisation process particularly 
awkward. As in previous calculations it is obviously not possible to modify 
iteratively the parameter set in order to optimise the fit between a calculated and 
known structure. Instead, the parameters were modified by performing strain 
energy minimisations on the whole series of complexes with a view to optimising 
bond lengths and angles in accordance with an analysis of such features across the 
CSD.
2.7.4 Results/Discussion
2.7.4.1 Parameterisation
Initial calculations were performed using 1,3-interactions in place o f the 
conventional formal angle bending definition at the metal centre. This method was 
thought to be the most appropriate in a study concerned with the effects o f steric 
strain. Experimentally this approach proved inappropriate, leading to an 
unacceptably large degree of flexibility within the metal coordination sphere.
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Figure 2.28 illustrates the resulting distorted octahedral structure attained on 
minimisation of the cw-diphenylethylphosphine complex.
(a)
(b)
Figure 2.28. Structure of W(CO)4(PPh2Et)2 minimised using 1,3-interactions in 
place of a formal angle bending term at the metal centre, (a) illustrates the 
distortion to the coordination sphere in a space filled representation, and (b) the 
full structure in a stick model representation. Hydrogen atoms are omitted for
clarity.
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Similar large distortions from ideal octahedral geometry were observed in the 
minimised structures of the three cis- complexes. A smaller but still significant 
distortion was also observed for the trans- isomers studied. Comparison with the 
structures of other tungsten tetra-carbonyl phosphine complexes, combined with 
an element of chemical intuition leads to the conclusion that the degree of 
flexibility permitted in the coordination sphere using this method is unrealistic. 
(An analysis of 20 similar tungsten tetra carbonyls in the CSD revealed the mean 
angle between cis- carbonyls to be 88.47 ± 3.58°, close to the ideal octahedral 
geometry).
Subsequently all calculations were performed using the MM2MX program set to 
include explicitly bond angle bending terms at the tungsten metal centre. Force 
field parameterisation was achieved in an iterative manner on a trial-and-error 
basis. Each complex was minimised and examined until the force field parameters 
successfully reproduced bond lengths and angles in accordance with known 
structural parameters from other similar tungsten tetra-carbonyl phosphine 
complexes. It was found experimentally that force constants of approximately 
0.300 mdyn A"1 served to constrain the coordination geometry to approximately 
octahedral. This value was found not to be critical, with values between 0.250 and 
0.350 mdyn A"1 having little effect on the resulting structures and order of 
energies. The modified parameters used for all the compounds studied in this 
work are reported in Table 2.14 (all other parameters are as in Allinger's MM2).
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Table 2.14. Force Field Parameters for Tungsten carbonyl complexes. C(ar) and
C(arom) are aromatic carbon atoms.
Bond Length Parameters
Bond type Force constant Strain-free
(mdyn A" 1) bond length (A)
W-C 2.100 1.986
W-P 2.500 2.510
C -0 17.000 1.159
P-C(arom) 2.910 1.828
P-C(sp3) 2.910 1.856
P-H 3.330 1.437
Bond Angle Parameters
Angle type Force constant Strain-free
(mdyn rad" 1) bond length (°)
W -C-0 0.200 180.00
W-P-H 0.200 112.00
W-P-C(arom) 0.200 116.00
W-P-C(sp3) 0.200 112.00
Torsional Constants
Torsion Vi/kJmol"^ V2/kJmol"f Vg/kJ mol" A
W-P-C(ar)-C(ar) 0.000 16.250 0.000
W-P-C-C(sp3) 0.000 0.000 0.000
W-P-C(sp3)-H 0.000 0.000 0.000
The non-bonded interaction parameters s and r* were estimated to be 0.020 and 
2.20 Â respectively. It was observed during the course of this study that quite 
large variations in the choice of these parameters had little effect on the resulting 
structures. Although the absolute values of the minimised strain energies varied 
slightly with the choice of s and r*, the order of results was the same in each case 
with similar energy differences between the isomers studied.
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2.7.4.2 Minimised Structures
The strain energy minimised structures of W(CO)4(PPh2H)2, W(CO)4 (PPh2Et)2  
and W(C0)4(PPh2%u)2 are shown in Figure 2.29.
(a)
(b)
Figure 2.29. Strain energy minimised structures. (Continued on next page)
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(c)
Figure 2.29. Strain Energy Minimised Structures of tungsten complexes. 
Structures are shown in a stick model representation. Structures on the left are cis- 
isomers with trans- isomers shown on the right, (a) is W(CO)4(PPh2H)2 (b) is 
W(CO)4 (PPh2Et)2  and (c) W(C0)4(PPh2%u)2.
Table 2.15. Results of Molecular Mechanics Calculations on W(CO)4L2
complexes.
Minimised Energy (Real mol"l)
Ligand (L) cis-isomQY trans-isomQr
PPh2H -12.45 -13.08
PPh2Et -8.04 -10.26
PPh2(tBu) 9.67 1.18
All structures were minimised from a number of different potential starting 
structures constructed using the HyperChem molecular modelling program. 
Results o f the MM2MX strain energy minimisation calculations performed are 
given in Table 2.15 above.
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2.T.4.3 Discussion
The results are hroadly in accordance with the experimental data. The complexes 
of phosphine ligands with small Tolman cone angles (i.e. PPh2 H) are less 
sterically strained than those with larger cone angles (i.e. PP2 (^Bu)). Additionally, 
the isom er is more stable than the corresponding isomer in each of the 
three cases studied. Comparison of the molecular mechanics results obtained with 
the experimental isomer distribution (Table 2.13) also gives good agreement. The 
small energy difference between the two isomers of the PPh2H complex allows 
electronic factors (competition for the metal tt d-orbitals) to favour the cis- 
isomer. Moving down the series to the PPh2 (%u) structures, steric strain is 
considerable and these electronic considerations are outweighed to favour the 
formation of the trans- isomer.
2.7.5 Conclusions
Molecular mechanics force field parameters are reported for the study of 
phosphine substituted tungsten carbonyl complexes. The use of non-bonded 1,3- 
interactions in place of formal bond angles was found not to be suitable for the 
study of octahedral compounds of this type. Steric forces at the metal centre were 
so strong that the octahedral coordination sphere was distorted further than 
deemed acceptable based on a knowledge of previously characterised complexes 
of a similar type. This is a major concern when using 1,3-interactions. Other 
workers have reported difficulties in applying the technique to the study of 
coordination numbers of six or less (Drew, 1993).
Using a single unmodified parameter set to model the structures o f a series of 
phosphine complexes allows an assessment of the influence of steric and 
electronic factors on the resulting geometry. No explicit electronic factors are 
included in the molecular mechanics calculations outline above. The difference in
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calculated strain energy reflect purely the changes in steric forces across the 
series. Comparison with the experimentally observed isomer population clearly 
illustrates the influence of electronic factors in determining the favoured isomer. 
Trans- isomers are destabilised due to n bonding competition. Further 
quantification of the magnitude of this effect is not possible here as a result o f the 
limited level of parameterisation that was possible in view of the amount of 
structural data available.
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2.8 CONCLUSIONS
Molecular mechanics methods have heen used to study the structures o f some 
coordination complexes of current research interest. Force field parameters have 
been reported for the first time for uranium(IV), palladium(II) and for tungsten 
compounds. Previously reported parameters for cobalt(II) have been adapted for 
the study of some Schiff-base complexes. These studies have demonstrated how 
the geometry at the metal centre may be controlled by using traditional definition 
of equilibrium bond angles or via 1,3-non-bonded interactions. Neither method 
has been found to be universally applicable. Where steric forces are particularly 
strong, the use of 1,3-interactions can lead to a chemically unacceptable distortion 
of the coordination geometry. Where steric forces are less dominant, the use of
1,3-interactions can be used successfully, negating the need to formally define 
equilibrium bond angles at the metal centre. The use of dummy atoms permits the 
application of the method to 4- and 5-coordinate metal centres.
The lack of crystallographic data available presents a real problem in the 
application of molecular mechanics to coordination compounds. For example, in 
the uranium study, structural data for complexes of thorium as well as uranium 
was encompassed in order to build up a usable set of force field parameters. These 
parameters perform well on the systems studied but must correctly be considered 
as a ’first generation’ solution, having been developed on a very limited amount of 
structural data. Analogy between the structures of complexes of the two metals 
allowed such an assumption. This is a typical problem encountered in the 
application of molecular mechanics to coordination compounds. The lack of 
experimentally available crystal structure data reflects the enormous diversity of 
metal complex structures. For organic chemists, the wealth of crystal structures 
has grown sufficiently large to allow the development o f a well refined set of
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force field parameters which can be used predictively. It is unlikely that the same 
situation will ever be reached in coordination chemistry without a ten or perhaps 
even one hundred fold increase in the number of compounds that have been 
determined crystallographically. Molecular mechanics will continue to have 
important uses, but these are likely to be restricted to the development of force 
field parameters for particular types of complexes rather than a universally 
applicable force field.
In this situation the available structural data must be used to ifs maximum 
potential. As mentioned above, analogy between the structures of two different 
metals led to the successful development of a set of parameters for uranium(IV). 
With metals of low occurrence this is not a difficult problem as only a small 
amount of crystallographic data need be examined. With other, more common 
metal types conventional CSD searches can lead to the retrieval o f large amounts 
o f data which is laborious to examine manually. Ligand, metal, mononuclear, cis- 
and trans-  ^ octahedral, tetrahedral, etc. are all terms familiar to the inorganic 
chemist. These terms are not readily transferable to searching the database. 
Difficulty in automatically retrieving and sorting structural data severely restricts 
the extent to which it may he made available for use in the modelling process.
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3.1 INTRODUCTION
The preceding chapter has demonstrated how the empirical molecular mechanics 
method may he applied to the study of coordination compounds. The conclusions 
drawn were that although the technique has the potential to be of widespread use, 
it has been held back by problems in parameterising the force-field and in the 
construction of initial starting models for unknown structures. Quantum 
mechanical calculations have also found only a very limited application; the 
presence of d- and f-orbitals in metal complexes requires that the basis functions 
describing the wave function are carefully chosen to obtain a balance between 
accuracy and the computational resources necessary to perform the calculations. 
With these restrictions placed on the traditional tools of computational chemistry, 
the use of structural databases becomes ever more important. It is clear that 
without the results o f crystallographic experiments molecular modelling would 
not have been able to develop as it has, with any results being at best highly 
speculative. There have been major advances in the accuracy of theoretical 
calculations and also in non-crystallographic experiments (such as 2D and 3D 
nmr), but most molecular modellers still compare their results with 
crystallographic 'benchmark' data. It is worth hearing in mind the words of 
Bergerhoff (Bergerhoff, 1988): "Any scientific work should not and could not be 
done without the knowledge of our predecessors. But the enormous amount of 
results induces that we neglect the results instead of using them." The efficient 
provision of chemical information is vital to the application of existing, and 
development o f new modelling methodologies.
3.1.1 Aims
The aim of this work is to develop a means of making existing structural data for 
metal coordination complexes more readily available to the molecular modeller.
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The Cambridge Structural Database (CSD) is the primary source of structural data 
for metal coordination complexes. As will be discussed in greater detail below, 
there are severe restrictions on the ways this data may he rapidly accessed and 
analysed. The unique nature of the metal-ligand interaction in forming a range of 
structural types gives rise to these difficulties. The structural information held in 
the CSD is transformed into a new data file format specifically designed for metal 
coordination complexes, whereby the coordinated metal centre forms a focal point 
with the remainder of the connectivity table partitioned into ligand subsets. This 
allows a higher level of organisational hierarchy than is possible in a standard 
single connectivity table. The objective is not only to support conventional 
modelling methods, i.e. in easing the parameterisation of molecular mechanics 
force fields, but to permit systematic geometrical classification and analysis of 
metal complexes in a manner not currently possible. It is hoped that this 
development will form an important step along the road to the development of 
rational, 'intelligent' methods for the design of metal complexes.
3.2 CHEMICAL STRUCTURE DATABASES
3.2.1 Introduction
It was in the mid-1960's that the first database of chemical structures was devised. 
The Cambridge Structural Database provided a comprehensive, checked, and up- 
to-date collection of machine-readable data files covering results o f structure 
diffraction by X-ray and neutron diffraction. The user can abstract the information 
and use it reliably without the need to refer back to the original publications. 
Recent explosions in the amount of structural information available, and indeed in 
the modelling methods themselves, present new problems in organising and using 
the data effectively. The problem of organising molecular information provides a
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great challenge to the modelling community. The diversity of the data and it's 
chemical nature gives rise to these difficulties.
3.2.2 Summary of Databases
The Cambridge Structural Database (CSD) is described in greater detail later in 
this chapter. It is however not the only structural database available to the 
chemical community, being complemented by the Inorganic (ICSD), Metals and 
Protein (PDB) databases. These databases are summarised below.
3.2.2.1 Inorganic Crystal Structure Database (ICSD)
The ICSD (Bergerhoff, 1983) contains over 30000 structures o f extended 
inorganic solids. It contains structures with no C-C or C-H bonds in any of the 
residues present and must contain at least one of the following non-metallic 
elements: H, He, B, C, N, O, F, Ne, Si, P, S, Cl, Ar, As, Se, Br, Kr, Te, I, Xe, At, 
or Rn. Amongst the data stored is:
Complete formula (no connectivity)
Number of formula units 
Number of positions 
Site occupations 
Oxidation state 
Unit cell dimensions 
Atomic coordinates 
Temperature (Anisotropic)
Space group, symmetry operators etc.
Bibliographic data (reference etc.)
Coordinates are available when published in the original literature.
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3.2.2.2 Metals Database
The metals database (Calvert, 1981) is similar to the ICSD described above. It too 
possesses structural data on structures lacking a C-C or C-H bond, but in contrast 
to the ICSD does not contain one of the non-metallic elements listed above. Data 
stored is similar to that described above for the ICSD.
3.2.2.3 Protein Data Bank (PDB)
The PDB (also known as the Brookhaven Database) (Bernstein, 1977) is dedicated 
to larger molecular structures than the CSD, namely proteins and nucleie acids. 
Some structural information may have been determined by techniques other than 
diffraetion experiments by, for example, nmr studies. Data stored in the file 
includes:
• Sequence information
• Secondary structure (i.e. Sheets, helices, turns etc.)
• Crystallographic parameters (including resolution)
• Coordinate data
• Bibliographic information
Unlike the highly ordered CSD, data in the PDB is stored in fiat text files. It does, 
however, still remain an excellent source of information for protein modellers.
3.3 CAMBRIDGE STRUCTURAL DATABASE
3.3.1 Introduction
The Cambridge Structural Database (CSD) is an invaluable store of computer 
readable information for over 100000 compounds that have been determined by 
X-ray and neutron diffraction (Allen, 1979 and 1991). The CSD records
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bibliographic, 2D chemical and 3D structural results from the crystallographic 
analyses of organics, organometallics and metal complexes containing up to circa 
500 atoms. The provision of powerful search, analysis and display software 
(QUEST-3D and GSTAT) have made the CSD more than just a good depository 
for such structural information. Initially, use of the database led to the 
development o f a table of standardised bond lengths for use not only in structural 
science, but in the assignment of molecular mechanics force field parameters and 
in other molecular modelling applications. The rapid increase in data included 
within the database has recently enabled this table to be updated, providing even 
more reliable values for organic species (Allen, 1987) and for organometallics and 
coordination complexes (Orpen, 1989).
Since 1965, the number of entries added to the database has swollen dramatically 
with now over 8000 new entries per year. The quality of the data is also excellent 
with a survey of the October 1992 data file reporting over 72% of entries judged 
as o f good or better precision (R-factor<7%), and over 89% with an acceptable 
precision (R-factor<10%). The combination of coverage and quality make the 
CSD an excellent primary research tool, often with little or no need to refer to the 
original structural literature.
Some published examples of studies using the CSD are highlighted in the 
following list:
• Average molecular geometry (Sheldrick, 1980; Taylor, 1982a)
• Conformational studies (Auf der Heyde, 1989a,b,c; Noskov-Lauritsen, 1985)
• Hydrogen Bonding (Taylor, 1982b; Murray-Rust, 1984)
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The availability o f high-quality structural data and sophisticated computational 
analytical tools enables comparison of structural fragments and leads to an 
enhancement of our understanding of 3D chemistry. Ultimately, this chemical 
understanding is thus available to provide a firm basis for rational methods of 
structural design.
3.3.2 Problems with Coordination Compounds
Queries (QUEST) may be constructed for the retrieval of all structures matching 
the specified search criteria from the database. These search criteria can be textual 
(accessing the stored bibliographic data) or structural.
An example of a connectivity query to retrieve the fragment in Figure 3.1 is given 
below.
T1 *CONNSER 
ATI C 3 E 
AT2 C 2 E 
AT3 C 2 E 
AT4 C 3 E 
AT5 C 2 E 
AT6 C 3 E 
AT7 N 1 E 
AT8 CL 1 E 
BO 1 2 5 
BO 2 3 5 
BO 3 4 5 
BO 4 5 5 
BO 5 6 5 
BO 6 1 5 
BO 4 7 1 
BO 6 8 1 
END
QUEST T1
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NH
Figure 3.1. Example ehemieal fragment with QUEST 
numbering seheme.
In coordination chemistry, structures are considered chemically to consist o f a 
number of 'components'; a metal centre, surrounded by a number of coordinating 
ligands. These ligands adopt a certain geometry around the metal centre, for 
example an octahedral arrangement. Some structures consist not o f one metal 
centre but o f a number, often containing 'bridging' ligands that are coordinated to 
more than a single metal centre.
A QUEST connectivity search query can, for example, easily be constructed to 
retrieve all octahedral metal complexes containing the ethefyenediamine (en) 
ligand (Figure 3.2) from the database as outlined below.
T1 *CONNSER 
ATI 4M 6 0 E 
AT2 N 2 E 
AT3 C 2 E 
AT4 C 2 E 
AT5 N 2 E 
BO 1 2 1 
BO 1 5 1 
BO 2 3 1 
BO 3 4 1 
BO 4 5 1 
END
QUEST T1
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NH
Figure 3.2. Example chemical fragment with QUEST 
numbering scheme.
Queries such as this are possible since we are searching for a specific structural 
fragment that may be clearly defined. Additionally, and more significantly, the 
geometric nature of a metal centre and the stereochemical arrangement o f the 
surrounding ligands coordinated to it are not explicitly stored within the database 
and must be derived from the atomic coordinates as required. Searches involving a 
differentiation between stereochemistry at a metal centre thus provide a further 
degree of complexity (Figure 3.3). The atomistic make-up of the two complexes is 
the same, the two are classified as cis- or trans- isomers in respect o f the relative 
positioning of the bidentate ligands with respect to each other.
X
D'.,. 1 X..,, 1
X
trans- cis-
D
Figure 3.3. Examples of cis- and trans- isomerism.
A search query to split these two structural types has only recently become 
possible with the introduction of 3D search tests in QUEST-3D. More general
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searehes are unfortunately more diffieult sinee they can return large volumes of 
unwanted information, leading to the need for laborious manual intervention in 
order to extract the data of interest. It is, for example, diffieult to code a search 
query (or a series o f queries) that would enable the selection of all mononuclear 
octahedral metal complexes with any oxygen donating bidentate ligand, without 
the need for extensive manual manipulation of the search results. Figure 3.4 
illustrates this problem schematically, where (a) is representative of the desired 
mononuclear complex. Other structural types that are difficult to suppress include 
(b) where the ligand is bonding through only one donor atom, (c) a multinuclear 
structure, and (d) a structure similar to (b) but where the bidentate ligand acts is 
'bridging' between two metal centres.
Figure 3.4. Schematic representation of some structures containing a bidentate
oxygen donating ligand.
The concept of a 'ligand' is a chemical one and is limited within the CSD to the 
presence of a small number of bit screen tests i.e., chemical class 76 corresponds
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to complexes of the ethylenediamine ligand. The atom type aa represents any 
atom, but there is no symbol or atom type within the search software that 
represents a connection between two specified atoms of any length (Figure 3.5).
O
n=3n=2n=1(aa).
Figure 3.5. Structure of a general ligand.
This would in essence be akin to (aa) ,^ where n = any integer. Some ligands have 
a large number of atoms in the chelate ring (large n) and as a result it is very 
difficult to automatically remove the unwanted structures (b) and (d) (Figure 3.5) 
by means of their coordination to a single metal centre.
3.3.3 Conclusions
Although the CSD is an excellent source of data, these difficulties limit the extent 
to which we are able to use the database in the study of coordination compounds, 
other than in a highly specific manner. A ligand is viewed by the chemist as an 
'independent' sub-fragment when viewing a metal complex and this concept is 
missing from the database, along with other chemical concepts such as 
mononuclear/polynuclear, bridging ligands etc. The CSD thus lacks an effective 
means by which data may be automatically classified according to these chemical 
concepts. Figure 3.6 depicts one possible hierarchical classification scheme for 
occurrences of bidentate ligands.
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0*0
0**0
bidentate
ligands
0***0
O O
X (other) {Differentiate by the presence 
of a particular donor atom type}
O X
{Differentiate by specifying 
the size of the chelate ring 
present. N.B. * = any atom (aa)}
{Differentiate by specifying 
both donor atom types}
Figure 3.6. A hierarchical classification scheme for bidentate ligands.
These limitations have held back the development of new computational tools for 
the study of these types of molecules. A means of locating and grouping structural 
information with a minimum of manual intervention is essential to the future 
development of such methods. Two simple examples (Figures 3.7 and 3.8) are 
studies of the variation in ligand flexibility/bite angle and ligand isomerism in 
relation to variations in the ligand structure/metal type/complex type/presence or 
absence of other ligand types.
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m:
ligand 'bite' angle
4 D
di
i  D
A D
d2
▼ D
ligand flexibility 
(di and d2 = donor-donor distances)
Figure 3.7. Measures of flexibility in ligand coordination
D D
Ligand Isomerism
Figure 3.8. Isomerism in Ligand Coordination.
In molecular mechanics, bond lengths and angles for coordination compounds are 
generally not present in the force field and must be parameterised. This process is 
currently largely a manual one and involves an analysis of the bond lengths and 
angles in previously determined complexes within the database. A means of 
rapidly accessing this information and partitioning the information into geometric 
groups would greatly speed this process. A better understanding o f structural 
diversity should also lead to an improvement in the quality and reliability o f the 
molecular mechanics parameters themselves. In summary, the problem is broadly 
speaking one of reordering the wealth of chemical data held with the database 
such that it may be made readily accessible to the molecular modeller and thus 
used increasingly in a predictive mode.
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3.4 A NEW STRUCTURAL DATA FORMAT
3.4.1 Introduction
A computer program has been developed to transform structural information 
retrieved from the CSD into a new data format specifically designed for 
coordination compounds. At the centre of this new format is a means of structural 
description whereby the metal centre of a complex forms the focal point with the 
remainder of the connectivity table separated into ligand subsets. A geometrical 
description of the spatial arrangement of ligands about the metal centre is 
included, providing a basis for systematic geometrical and crystallographic 
analyses o f currently available data. Retention of the CSD reference code 
(Refcode) within the new format provides a means of reference back to the main 
database as a source of bibliographic information, and for conventional data 
analysis and output using GSTAT and PLUTO.
3.4.2 Structural Types Included
fer
Currently only four to six coordinate mononuclear metal complexes/the transition, 
lanthanide and actinide block metals with monodentate, bidentate or tridentate 
ligands are accommodated within the format developed. The mononuclear 
geometries covered explicitly are illustrated in Figure 3.9 below. Multinuclear 
structures, often with metal-metal bonds and bridging ligands, present a more 
complex problem and will require a different form of classification to that 
discussed in this work. These will be discussed further at the end of this chapter.
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(a) Octahedral
(b) Square Pyramidal
(c) Trigonal Bipyramidal
(d) Square Planar 
!
(e) Tetrahedral
Figure 3.9. Coordination geometries covered.
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3.4.3 Program Design
All program code has been written in FORTRAN-77 and runs on a MicroVAX- 
QII computer under the VMS V5.4 operating system. Initial developments in this 
project occurred prior to the release of the version 5 CSD system, which includes 
full matching of chemical and crystallographic connectivity representations in 
addition to 3D search screening.
Programs have been written to generate and then subsequently search the 
structural data in the new data format. A schematic outline of the operation of the 
operation of the data conversion program is given in Figure 3.10.
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Create F DAT file 
using QUEST
V
For all CSD refcodes in F DAT file:
i
Read structural data for current 
refcode from input file
Locate all metal centres
I
For each metal centre located:
Generate all self-avoiding 
molecular paths starting from 
the current metal centre
I
Identify mononuclear metal centres 
(Discard all non-mononuclear centres)
T
Identify the coordinated ligands 
(donor atom types, denticity, 
connectivity etc.)
Assign priorities to ligands 
and donor atoms based on a 
standard sequence rule
I
Determine geometry of complex 
based on formal positions of ligands. 
Assign a geometric type
Output current structure in new format
Figure 3.10. Schematic overview of the operation of the data conversion program.
The operation of each stage of the conversion program is discussed in greater 
detail in the following sections, together with details of the file format developed 
for coordination complexes.
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3.4.3.1 Source of Structural Data
The CSD FDAT format was selectecj^the best input file format for this study. The 
reasons for this are two-fold. Firstly, the FDAT file format contains all of the 
information required for the creation of a new data file including the 
crystallographic coordinates and cell data and connectivity information. Secondly, 
as a conventional QUEST search is used to create the FDAT file, the data 
included may be restricted as required by appropriate conventional search screens 
i.e. removing structures of unacceptable precision (R-factor), lacking coordinates, 
possessing disorder, or with the error flag set. Further more, we are able to restrict 
the data included to specific metals or groups of metals. QUEST screens were 
used to create an FDAT file of hit structures containing one or more four or 
higher-coordinate metal centré for conversion.
3.4.3.2 Read Structural Data from FDAT File
The first step in the conversion is to import a single refcode entry from the created 
FDAT input file. In this way the FDAT file is processed in a sequential manner 
one refcode at a time. All formats documented within the CSD documentation are 
covered i.e. both the coordinate formats present in the FDAT file depending on 
the number of atoms present. Information is held internally to the program using 
FORTRAN-77 arrays. For example, the atom type (ATOM), 3D crystallographic 
coordinates (X,Y and Z) and connectivity data (CONN and NOCONN) are stored 
as follows,
CHARACTER*! KïOM{atnum)
REAL*8 X{atnum), Y{atnum), Z{atnum)
INTEGER*4 CO\:^(atnum,connuin), NOCONN(û^«ww)
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where atnum is the atom number and connum the connection number. Once the 
FDAT entry has been read in, the first stage of processing can begin. File format 
conversion continues for every refcode present in the FDAT file.
3 4.3.3 Location of Potential Metal Centres
At the heart of the new data format lies the metal centre of the coordination 
complex. In order that the ligands present may be identified and their structure and 
connectivity determined it is necessary to identify the metal centre(s) present. This 
is achieved by examining the array of atom types looking for atoms of the 
transition, lanthanide or actinide series (Figure 3.11).
Figure 3.11. Elements allowed as metal centres (atomic number and element 
symbol shown).
Transition
Block
21
Sc
22
Ti
23
V
24
Cr
25
Mu
26
Fe
27
Co
28
Ni
29
Cu
30
Zn
39
Y
40
Zr
41
Nb
42
Mo
43
Tc
44
Ru
45
Rh
46
Pd
47
Ag
48
Cd
57*
La
72
Hf
73
Ta
74
W
75
Re
76
Os
77
Ir
78
Pt
79
Au
80
Hg
89#
Ac
* Lanthanide 
series
58
Ce
59
Pr
60
Nd
61
Pm
62
Sm
63
Eu
64
Gd
65
Tb
66
Dy
67
Ho
68
Er
69
Tm
70
Yb
71
Lu
^Actinide
series
90
Th
91
Pa
92
U
93
Np
94
Pu
95
Am
96
Cm
97
Bk
98
Cf
99
Es
100
Fm
101
Md
102
No
103
Lr
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More than one metal centre may be present in a particular database entry, for 
example in multinuclear structures or in structures where more than one 
mononuclear centre is present in the crystallographic asymmetric unit. All metal 
centres located are taken forward for further processing, but only mononuclear 
centres will be included in the output data file. In order to separate out these metal 
centres from the multinuclear occurrences, it is necessary to examine the 
connectivity table. The next stage of processing is thus to generate an adjacency 
matrix and use simple molecular path analysis methods to classify the type of 
structures present. At this stage multinuclear structures can be excluded from 
further processing.
3.4.3.4 Molecular Path Analysis
At this stage of processing the chemical structure is represented by arrays of 
connectivity integers and atom types. To determine the type of structure present, it 
is necessary to generate all molecular paths for each metal centre. Analysis o f the 
paths generated reveals the nature of the ligands coordinated to the metal and also 
allows non-mononuclear structures to be excluded from further processing.
The procedure used for generating all self-avoiding molecular paths is a simple 
one as outlined by Randic (Randic, 1979).
Outline of Algorithm
The following example serves to illustrate this process. Figure 3.12. depicts the 
carbon atom skeleton of norborane and the paths generated for one o f the carbon 
atoms.
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■«2
Figure 3.12. Structure of norborane (a) and the path graphs generated for 
non-equivalent carbon atoms (b) starting from atom numbered 1.
The connectivity information is converted into an adjacency matrix for all non­
hydrogen atoms within the structure. The adjacency matrix for norborane is as 
follows;
1
2
3
4
5
A
0 1 0 0 0 1 1
1 0 1 0 0 0 0
0 1 0 1 0 0 0
0 0 1 0 1 0 1
0 0 0 1 0 1 0
1 0 0 0 1 0 0
1 0 0 1 0 0 0
This is then searched for all non-zero entries in a systematic manner to generate 
all molecular paths starting for a particular atom. For example, to generate all 
molecular paths commencing with atom 1 the algorithm starts with row one and 
searches it for the first non-zero entry. In this case, the first non-zero value is in 
column 2 and this corresponds to a connection between atom 1 and 2. The search 
then proceeds to row two of the adjacency matrix, where the first non-zero entry is 
located in column 1. This is discarded since atom 1 is already in the current path. 
The next entry is in column three and so the path is updated to add atom 3 i.e. 1-2- 
3. This process proceeds until no new atoms (i.e. not present in the current path)
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are found. This is the fiillest depth of the path. Further paths are then sought by 
returning to the previous row and seeking a further non-zero entry not located 
within the original path. This process continues until all paths have been located, 
and in this case all non-zero entries for atom 1 (in row 1) have been examined. A 
flowchart for a pathing algorithm to locate all paths from every atom in a structure 
is given in Figure 3.13.
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Start
YES
^  Bid
NO
Start new path 
length 1 with 
next atom
Initialise atom 
path count vector
/ A U \  
'connections 
checked for 
V terminal > 
Natom>^
Remove terminal 
atom from path
YES
Add atompath 
count vector to 
molecular path 
count vector
NOPath 
length > 01Set checked atom 
pointer to next 
possible connection
YES
YES the atom in the 
'\^ ^ p ath ?
NO
Add atom to path. 
Increment length 
and atompath count
Figure 3.13. Flow chart for the pathing algorithm.
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Application to Coordination Complexes
Figure 3.14. illustrates the schematic structure (atom types not illustrated are 
carbon) of an example octahedral complex and the corresponding numbering 
scheme adopted.
Figure 3.14. Schematic structure and corresponding numbering scheme 
o f the bis-(ethylenediamine-N,N')(pyrrole-2-carboxylato-N,0)- 
cobalt(III) octahedron.
This simple structure is used as an example as the simplicity of the molecular 
framework results in only a small number of generated molecular paths. These are 
sufficient to illustrate in further sections the breakdown of a structure into ligand 
and metal components. The molecular paths generated for the cobalt metal centre 
in the structure in Figure 3.14 are as follows:
Co-N(l)-C(10)-C(ll)-O(2)
Co-N(l)-C(10)-C(ll)-O(12)
Co-N(l)-C(10)-C(9)-C(8)-C(7)
Co-N(l)-C(7)-C(8)-C(9)-C(10)
Co-N(l)-C(7)-C(8)-C(10)-C(ll)-O(2)
Co-N(l)-C(7)-C(8)-C(10)-C(ll)-O(12)
C o-0(2)-C (ll)-0(12)
Co-O(2)-C(ll)-C(10)-N(l)
Co-O(2)-C(ll)-C(10)-C(9)-C(8)-C(7)-N(l)
Co-N(3)-C(13)-C(14)-N(4)
Co-N(4)-C(14)-C(13)-N(3)
Co-N(5)-C(15)-C(16)-N(6)
Co-N(6)-C(16)-C(15)-N(5)
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The donor or ligating atoms (i.e. those atoms directly bonded to the metal centre) 
are highlighted in bold type in the above path list. As the complexity of a structure 
increases, the number of paths generated increases rapidly. Paths are stored 
internally to the program in the form of a 3-dimensional array of the form:
INTEGER*2 'PATU.{donor,pathnum,pos)
where donor is the donor atom, pathnum the number of the stored path and pos  the 
position within the path. As a result of memory restrictions on our current 
computer, the program is unable to process structures that generate more than 
3500 paths for a given metal centre. Use of a more efficient means of path storage 
would increase this figure substantially, but the current limit has not been a 
problem as the vast majority of mononuclear structures we have processed do not 
cause the generation of this number of paths.
3.4.3.5 Rejection of Non-mononuclear Centres
Examination of the molecular paths generated allows identification of the metal 
centre. Non-mononuclear metal centres are identified by the presence o f more 
than a single metal centre in the molecular paths, and are rejected at this stage. A 
rejection/error file is maintained by the program and all structures excluded are 
recorded in the file by means of the CSD refcode.
3.4.3.6 Determination of Ligands
The array used to hold the molecular paths 'groups' paths together according to the 
initial donor atom. At this stage there may be a large number of paths originating 
with a particular donor atom. This information is now reduced in order that the 
ligands present may be identified. The number of paths is reduced, keeping a 
single 'best' path for each donor atom i.e. for an octahedral centre the number of
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paths is reduced to six. A number of criteria are used to select the 'besf path for 
each donor atom. The primary factor used is the number of donor atoms contained 
in a path. The presence of more than a single donor atom within a path is
important since it signifies the presence of a multidentate ligand. For each donor
atom paths not containing the highest number of donor atoms can be removed. To 
reduce the number of paths per donor atom down to the required single path, the 
length is considered. For paths containing a single donor atom, the longest path is 
retained. For paths containing more than one donor atom, the path retained 
contains the shortest donor-donor atom chains as this represents the chelate ring of 
the complex. These concepts are best illustrated by reference back to the example 
given above (Figure 3.14). For N(l), the paths present are as follows:
1 Co-N(l)-C(10)-C(ll)-O(2)
2 Co-N(l)-C(10)-C(ll)-O(12)
3 Co-N(l)-C(10)-C(9)-C(8)-C(7)
4 Co-N(l)-C(7)-C(8)-C(9)-C(10)
5 Co-N(l)-C(7)-C(8)-C(10)-C(l l)-0(2)
6 Co-N(l)-C(7)-C(8)-C(10)-C(l 1)-0(12)
Paths 2, 3, 4 and 6 contain only a single donor atom and are discarded on this 
basis, leaving two paths with two donor atoms present.
1 Co-N(l)-C(10)-C(ll)-O(2)
5 Co-N(l)-C(7)-C(8)-C(10)-C(l l)-0 (2)
Path 1 is the path retained as the chain between donor atoms is shorter than in path 
6, and reference back to Figure 3.14 illustrates that this corresponds to the atoms 
present in the chelate ring of the pyrrole-2-carboxylato-N,0 ligand. In cases where 
more than one path contains the same number of donor atoms and chain length, 
one occurrence is arbitrarily retained in preference to the other.
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The number of paths remaining now corresponds to the coordination number of 
the complex, in our example 6 for an octahedral centre. It is obvious that where 
multidentate ligands are present, the relevant donor atoms will be located in more 
than one of the remaining paths. Only in the case of six monodentate ligands will 
there be no further redundancy. This redundancy is removed by retaining only a 
single occurrence of each donor atom. Again the same criteria are used to select 
the 'best' paths. In the example provided three paths remain, corresponding to 
three bidentate ligands:
1 Co-N(I)-C(10)-C(ll)-O(2)
2 Co-N(3)-C(13)-C(I4)-N(4)
3 Co-N(5)-C(I5)-C(16)-N(6)
These paths are only representative of ligand structure in the chelate ring and not 
o f the full ligands. Reference back to the original path lists enables the full ligand 
connectivity structure to be derived. All paths involving each donor atom in each 
ligand are examined and any atoms encountered added to the ligand connectivity 
matrices. Atoms are renumbered, generating a connectivity matrix for each ligand 
present in the complex. This ligand connectivity is stored in the output data format 
to enable searching based on the structure of individual ligands.
The situation highlighted above is simplified by the presence of only bidentate 
ligands. Where tridentate and tetradentate ligands are present the situation may be 
more complex, and a single path may not be sufficient to represent the chelate 
structure of the ligand. Figure 3.15 depicts schematically the structure o f some 
possible ligand structures. With a bidentate ligand (a), a single path will be located 
containing both donor atoms (D). In the case of tridentate (b) and tetradentate 
ligands (c) this is not always the case, with the possibility of branched ligands 
occurring.
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Figure 3.15. Schematic structure of some possible ligand types: (a) bidentate,
(b) tridentate, and (c) tetradentate.
Thus, where branched ligands are present, a number o f sub-ligand paths are also 
stored. Full ligand connectivity is generated in the same manner as described 
above, including the atoms held in the sub-ligand paths.
3.4.3.7 Assignment of Ligand Priority
An additional reason for the creation of a new data file format was the inclusion of 
a rapid means of identifying and comparing the stereochemical arrangement of 
ligands within coordination complexes. As such, each ligand within each complex 
processed is assigned a priority according to the application o f a standard 
sequence rule. The sequence rule adopted is based on the standard method used in
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the assignment of stereochemical notation to coordination compounds within the 
Chemical Abstracts System (Brown, 1975). At its basic level this rule is as 
follows:
1) Ligands of higher ligancy (denticity) are of higher precedence
2) Higher atomic number precedes lower.
In the case of an octahedral complex containing 5 ligands (ethylenediamine : - 
NH2 CH2 CH2NH2 , Cl, Br and H2 O), the ethylenediamine ligand is assigned the 
highest priority (bidentate ligand > monodentate ligands) and the monodentate 
ligands ordered according to the atomic number of the donor atoms (Br > Cl > 
H2 O). Complexes with multidentate ligands frequently require differentiation of 
identical donor atoms. Where this is the case, the algorithm used considers the 
substituents in a tree-based depthwise examination of the molecular paths 
generated previously.
Although this is a simple classification, it is sufficient to enable complexes to 
subsequently be assigned to a number o f broad geometrical types. Further 
differentiation of ligands according to other chiral or stereochemical aspects has 
not currently been adopted.
3.4.3.8 Geometric Classification
As mentioned above a geometrical classification of the structure at a coordination 
centre forms the focal point of data format developed. Each complex processed is 
thus examined further in order to broadly classify its geometric structure, leading 
to the assignment of a type number. To illustrate this process, the octahedral case 
is considered in detail below. Other geometries covered are treated in a similar 
manner.
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To enable assignment o f a geometric type to an octahedral complex it is necessary 
to adopt a formal numbering scheme for an octahedron (as in Figure 3.16).
Figure 3.16. Formal numbering scheme for a metal octahedron.
The coordinates o f the metal centre and the six donor atoms are used to 
manipulate the octahedron into the desired orientation.
1) The metal centre is aligned with the origin of a set o f Cartesian coordinate axes,
y-axis y-axis
.z-axis
-x-axis
z-axis
-x-axis
2) The octahedron is rotated about the y-axis such that the donor atom o f highest 
priority is in the x=0 plane,
y-axisy-axis
z-axisz-axis
x-axisx-axis
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3) The octahedron is rotated about the x-axis such that the donor atom of highest 
priority is located in formal position 1 i.e. in the z=0 plane,
y-axis
x-axis
y-axis
z-axis
x-axis
4) A further rotation about the y-axis orientates the octahedron such that the donor 
atom of second highest priority (within the ligand for multidentate ligands, in the 
octahedron for monodentates) is located in formal position 2 if  possible. If  the 
donor atom of second highest priority is diametrically opposite the atom of highest 
priority, then the atom of third highest priority is rotated into formal position 2,
y-axis
I ,  z-axis 
 ^ -x-ajds
O
y-axis
z-axis
x-axis
OR
y-axis
1 2^2;-axis 
-x-axis
y-axis
-x-axis
The situation above corresponds to an ideal (90 and 180 degree angles) 
octahedron. The situation practically is not so straightforward with the angles in 
an 'octahedral' complex not corresponding to the ideal geometry as in Figure 3.17.
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■axis
z-axis
x-axis
Angle created between bond 
and ideal axis position.
Figure 3.17. Practical situation encountered with an irregular octahedron.
Only the metal centre and the donor atom of highest priority (formal position 1) 
must be located on the coordinate axes. All other donor atoms may not lie on the 
ideal axis positions, leaving an angle between the donor atom, metal centre and 
coordinate axis. Figure 3.18 shows this in a different manner. Looking down the 
z-axis we see ’cones' (shown as dotted lines) in which the equatorial donor atoms 
may lie.
y-axis
x-axis
Cones where donor atom 
may acceptably lie
Figure 3.18. Distortion from ideal geometry.
Chapter 3 : A New Data File Format for Coordination Complexes 141
Use of these angles presents a means of'screening-ouf heavily distorted structures 
from the geometric type, or including a flag to indicate this distortion within the 
new data format. Experimentally, an angle of 30° around each of the coordinate 
axes proved broad enough to include the vast majority o f octahedral structures 
encountered. Other structures would not be able to be categorised safely and as 
such are rejected, with the CSD reference codes written to the error log file.
Complexes may now be assigned a geometric type according to the distribution of 
ligands around the metal centre. The formalisation by ligand priority serves to 
restrict the number of geometrical arrangements possible, enabling easier 
classification. The geometric types possible for octahedral complexes containing 
only monodentate or bidentate ligands are illustrated in Figure 3.19.
For an octahedral complex containing only monodentate ligands only one 
geometrical type may be assigned (type 18), whereas with two bidentate and two 
monodentate ligands different types (types 13 and 14) are possible. These 
correspond to the chemical terms cis and trans. Sub-types are used to distinguish 
between the different spatial ligand arrangements possible for some types (i.e. 
types 12 and 14). Other type assignments cover octahedral complexes with 
tridentate ligands. Similarly, type assignments are available for the other 
coordination geometries covered.
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Type 13Type 17Type 18
Type 14 
(sub-type 3)
Type 14 
(sub-type 2)
Type 14 
(sub-type 1)
Type 12 
(sub-type 2)
Type 14 
(sub-type 4)
Type 12 
(sub-type 1)
Figure 3.19. Geometric types and sub-types assigned for octahedral complexes 
containing bidentate and monodentate ligands only.
3.4.3.9 Output Data in New Data Format
No further processing is required and the relevant information can be written to 
the output data file. The format of this file is discussed in detail in the next 
section.
3.4.4 Data file format
3.4.4.1 Introduction
The data format developed has been specifically designed for coordination 
complexes. Structural information is stored not as a single connectivity matrix as 
in the CSD, but is partitioned into metal and ligand subsets for each metal centre
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present in the crystallographic entry. The format adopted aims to enable rapid 
assessment of the geometric structure of each entry compared with use of the CSD 
itself. The file design is flexible enough to allow modification to incorporate 
changes and additions at a later stage if required.
Figure 3.20. Connectivity of CIFPIQ. Atom numbers refer to the CSD FDAT file.
Hydrogen atoms are not included.
The format adopted is best illustrated in the form of an example for the structure 
in Figure 3.20. The generated file is given in Figure 3.21, together with the 
corresponding CSD file entries for the same structure (Figure 3.22a and 3.22b). 
This complex includes a monodentate, a bidentate and a tridentate ligand and 
demonstrates how the structure of each type of ligand is coded in the data file.
Key:-
CIFPIQ Chloro-ethylenediamine-histidinato-cobalt(iii) chloride
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#CIFPIQ 1 1 2P-1 R=0.0370 7939 9247 11021 11875 9776 9772 333222
CO 1 13 22067 23915 -3393 2a 40 2b 6N 3a ION 3a 9N 2c 8N la 2CL10-1
11 CL 1 2 0 0 0 0 0 531 120 6
1 23405 47414 -4852
1 1 0
1 ICL
23 0 1 4N 3 6N 5 8 3 10 1 0  2 4811 123 24
1 22080 3980 -2030 3 5600 10080 -21760 5 40820 17790 -13100
10 38190 -820 -19760 8 7670 -4520 -33050 9 24790 -9850 -33930
11 31270 -5730 -9650
17171111 6 610 3 4 3 8 5 1 7 8 9101011
11110 0 N N N C C C C C C
32 N 1 9N 2 10 0 0 2 0 0 2221 110 10
1 37820 36390 15360 2 3610 28510 7030
3 28290 35690 25860 4 10980 39390 22480
6 6 3 4 1 2  3 4
4 4N N C C
Figure 3.21. Example entry in new data format. Data converted for CSD refcode
CIFPIQ.
(a) Journal File Entry
CIFPIQ
Chloro-ethylenediamine-histidinato-cobalt(iii) chloride 
C8 H16 Cll Col N5 02 1+,C11 1-
N.R.Brodsky,N.M.Nguyen,N.S.Rowan,C.B.Storm,R.J.Butcher,E.Sinn 
Inorg.Chem., 23, 891,1984
(b) FDAT file Entry
#CIFPIQ 13850302 19 9
7939 9247 11021 11875 9776
R=0.0370 
2 1 1  0 1 2 1  0 1 1 2  0 
C 68H 230 68N 68CL 99C0133
0 0 0 1 6 34
9772333222 2 3 4
0 42132100000010000000000084
3 3 2 0167 2P-1 240
COl 22067 23915 -3393 CLl 23405 47414 -4852 CL2 47653 76795 37561
OlO 22080 3980 -2030 Oil 33530 -18600 -9580 N1 5600 10080 -21760
N3 -18760 -1570 -38050 N8 40820 17790 -13100 NIO 37820 36390 15360
N40 3610 28510 7030 C2 -10570 11420 -25420 C4 -7600 -11810 -43110
C5 7670 -4520 -33050 C6 24790 -9850 -33930 C7 38190 -820 -19760
C9 31270 -5730 -9650 C20 28290 35690 25860 C3 0 10980 39390 22480
H2 -14500 18700 -20600 H3 -28600 -3900 -43000 H4 -11000 -21200 -51600
H61 28700 -8500 -41200 H62 23400 -21000 -37900 H7 47900 -4000 -21500
H81 51600 22100 -7800 H82 40900 19600 -19800 HllO 40400 47000 18300
H120 47000 31500 14600 H210 26700 24200 24700 H220 -3900 33200 4700
H310
H420
12100
34200
50000
43600
25200
35000
H320 4900 38200 26500 H410 -1500 20100 5400
2 0 
1718
0 116 111 1 1 1 6 7 613 8 4 91011 712141415 8 8 9 9171018181017121314151516
Figure 3.22. CSD entries for refcode GEWVAF in (a) Journal file format, and (b)
FDAT file format.
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The data file is split into a structure record corresponding to the original CSD 
entry, followed by a number o f records for each metal centre present (a metal 
record and a number of ligand records) and a number of records corresponding to 
other atoms present in the crystallographic structure (counter ions, solvent 
molecules etc.) These records are described in greater detail on the following 
pages, with reference to the example file given above. These tables are included 
within the main body of text, rather than in an appendix, as they are of 
fundamental significance to this work.
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3.4.4.2 Description
Record Type 1: Complex Record.
#CIFPIQ 2P-1 R=0.0370 7939 9247 11021 11875 9776 9772 333222
Columns Field Description
1-9 CSD Reference code
10-11 Number of metal centres
14-14 Crystal System
15-17 International Space Group Number
18-25 International Space Group Symbol
26-33 R-factor
34-70 Cell Parameters (a,b,c,alpha,beta,
gamma) as in FDAT file 
71 -76 Precision digits for cell parameters
Example
#CIFPIQ
1
1 ( T r i c l i n i c )
2
P - 1
R = 0 . 0 4 7 0  
7 9 3 9  9 2 4 7  1 1 0 2 1
1 1 8 7 5  9 7 7 6  9 7 7 2
3 3 3 2 2 2
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Record Type 2: Metal Centre Record.
CO 1 13 22067 23915 -3393 2a 40 2b 6N 3a ION 3a 9N 2c 8N la 2CL10-1
Columns Field Description Example
1-2 Metal centre atom type CO
4-4 Metal centre number (internal) 1
5-7 Metal centre number in CSD FDAT 1
8-8 Number of attached ligands 3
9-32 Metal atom 3D coordinates 2 2 0 6 7
33-74 Complex summary string* 2a 4o 2b 6N 3a ION 3a
75-76 Geometrical type 10
78-78 Geometrical sub-type 1
*The complex summary string encodes compactly the geometry at the metal 
centre. Seven characters are used to represent each formal position (6 for an 
octahedron). Thus in the above example we have 2 a  40  . The first digit is the 
ligand number (2), and the second character a priority symbol (a). Donor atoms of 
highest priority in a ligand are assigned a, of next highest, b etc. The next three 
digits are the donor atom number from the CSD (4). The last two characters are 
the atom type (O).
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Record Type 3a: Ligand Record-Donor atoms
23 O 1 4N 3 6N 5 3 10 1 0  2 4811 123 24
Columns Field Description Example
1-1 Ligand number 2
2-2 Ligand denticity 3
5-6^ Atom type of donor atom 1 o
7-8^ Donor atom 1 number (internal to ligand) 1
9-11^ Donor atom 1 number (CSD FDAT) 4
N.B. Columns marked # are repeated for each donor atom present in the 
ligand (maximum denticity 4) i.e. columns 12-13 holds atom type of donor 
atom 2 etc.
33-35 Sub-chain donor atom number
(internal to ligand)* 3
36-48 Connecting atom number (internal to ligand)* 10
45-46 Distance 1* 1
47-48 Distance 2* 0
49-50 Distance 3* 2
N.B. Columns marked * are explained pictorially in Figure 3.23.
67:68
69:69
70:70
72:72
73:73
74:74
77:78
Ligand donor type code (Table 3.1) 
Ligand priority
Number of ligands of the same priority
Priority of donor atom 1
Priority of donor atom 2
Priority of donor atom 3
Ligand formal position code (Table 3.2)
48
1
1
1
2
3
24
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(a) Bidentate Ligand
Distance 1 = number of atoms joining 
donor atoms 1 and 2
Donor 1 Donor 2
(b) Tridentate Ligand (chain type)
Distance 1 = number of atoms joining 
donor atoms 1 and 2
Distance 2 = number of atoms joining
Donor 1 Donor 2 Donor 3 donor atomS 2 and 3
(c) Tridentate Ligand (branched type)
sub-chain
main chain Connecting atom
Donor 3 
(su b ^ a in  donor atom)
Donor 1 Donor 2
Distance 1 = number of atoms joining 
donor atom 1 and 
connecting atom
Distance 2 = number of atoms joining 
donor atom 2 and 
connecting atom
Distance 3 = number of atoms joining 
donor atom 3 and 
connecting atom
Figure 3.23. Measures of ligand structure (see Record 3 a).
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Table 3.1. Ligand formal position codes for octahedral complexes.
Ligand Formal 
Position
Formal Position 
Code
Monodentates
1 1
2 2
3 3
4 4
5 5
6 6
Bidentates
1-2 7
5-6 8
3-6 9
3-4 10
4-6 11
4-5 12
Tridentates
( chain tvpel
2-(l)-3 13
2-(l)-5 14
2-(l)-6 15
4-(3)-6 16
5-(4)-6 17
3-(4)-6 18
4-(5)-6 19
3-(6)-4 20
4-(6)-5 21
Tridentate
tbranched tvpel
1,2,3 22
1,2,4 23
1,2,5 24
1,2,6 25
4,5,6 26
3,5,6 27
3,4,6 28
3,4,5 29
Notes
(1) Dash (-) indicates atomic bridge in ligand linking formal positions
(2) Brackets (n) denote position of middle atom in tridentate chain ligand
(3) Comma (,) is used in place of dash for tridentate branched type ligands in 
absence of a formal middle atom. Sub-chain nature not implicit in position code.
(4) The codes listed are for the most commonly occuring positions. Other codes 
are available for less common ligand positions.
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Table 3.2. Ligand Donor Type Codes
Ligand Donor 
Atoms
Donor Type 
Code
Monodentates
0 1
N 2
S 3
P 4
Cl 5
Br 6
Other 9
Bidentates
0 ,0 21
N,N 22
S,S 23
P,P 24
0 ,N 25
0 ,S 26
o,p 27
N,S 28
N,P 29
S,P 30
Other 31
Tridentates
0,0,0 41
N,N,N 42
P,P,P 43
s,s,s 44
0 ,0 ,N 45
0 ,0 ,P 46
o,o,s 47
0,N ,N 48
o,p,p 49
o,s,s 50
N,N,P 51
N,P,P 52
N,S,S 53
P,P,S 54
p,s,s 55
N,N,S 56
P,P,N 57
0,N ,P 58
0,N ,S 59
0,S,P 60
S,N,P 61
Other 69
Notes
(1) Other = Any other atom type/combination of atom types.
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Record Type 3b: Ligand Record-Donor coordinates.
22080 3980 -2030 5600 10080 -21760 40820 17790 -13100
A maximum of three donor atoms per record.
Columns Field Description Example
1-2 Donor atom 1- number (internal) 1
4-23 Donor atom 1- crystal coordinates 2 2 0 8 0  3 9 8 0  - 2 0 3 0
25-26 Donor atom 2- number (internal) 3
28-47 Donor atom 2- crystal coordinates 5 6 0 0  1 0 0 8 0  - 2 1 7 6 0
49-50 Donor atom 3- number (internal) 5
52-71 Donor atom 3- crystal coordinates 4 0 8 2 0  1 7 7 9 0  - 1 3 1 0 0
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Record Type 3c: Ligand Record-Chelate ring coordinates.
10 38190 -820 -19760 8 7670 -4520 -33050 9 24790 -9850 -33930
A maximum of three atoms per record. More than one record is needed to store 
the coordinates of chelate rings greater than 3 atoms.
Columns Field Description Example
1-2 Atom 1 -number (internal) lo
4-23 Atom 1 - crystal coordinates 3 8 i 9 0  - 8 2 0  - 1 9 7 6 0
25-26 Atom 2- number (internal) 8
28-47 Atom 2- crystal coordinates 7 6 7 0  - 4 5 2 0  - 3 3 0 5 0
49-50 Atom 3 - number (internal) 9
52-71 Atom 3 - crystal coordinates 2 4 7 9 0  - 9 8 5 0  - 3 3 9 3 0
Chapter 3 : A New Data File Format for Coordination Complexes \  54
Record Type 3d: Ligand Connectivity Integers Record.
17171111 6 610 3 4 3 8 5 1 7 8  9101011
Stores connectivity of the ligand sub-set in the same manner as that adopted in the 
CSD FDAT file format. A maximum of 35 connectivity integers per record. For 
example, for the tridentate ligand (numbered below left) present in the above 
example file, the connectivity matrix might look as shown (below right).
From To
1 11
2 11
3 6 8
4 6 7
5 10
6 3 4
7 4 8
8 7 9
9 8 10
10 9 11
11 1 2
This table ca%coded in an abbreviated integer list as follows:
11 11 6 6  103 4 7  89  1 7 89  10 10 11
The first 11 integers refered to implied 'FROM' atoms (1 to 11), and the last 6 
integers are 'FROM-TO' pairs. The format of the encoded record is as follows on 
the next page.
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Columns Field Description Example
1-3 Number of connectivity integers 17
4-5 Number of integers in this record 17
6-7 Connectivity integer 1 11
8-9 Connectivity integer 2 11
etc.
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Record Type 3e: Ligand Connectivity Atom Types Record.
11110 O N N N C C C C C C
Stores the atom types of the ligand sub-set corresponding to the connectivity held 
in the above records. A maximum of 35 atom types per record.
Columns Field Description Example
1-3 Number of atoms in ligand i i
4-5 Number of atoms in this record i i
6-7 Atom type of ligand atom 1 o
8-9 Atom type of ligand atom 1 o
etc.
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3.4.4.S Summary
The data file format described above has been specifically designed to address the 
chemical nature of the structural data and enable searching based on chemical 
concepts familiar to the coordination chemist. Structural information is not stored 
as a single connectivity matrix as in the CSD, but is partitioned into ligand sub­
sets for each mononuclear metal centre present. Currently only mononuclear 
complexes of monodentate, bidentate and tridentate ligands are permitted. 
Tetradentate ligands have not yet been incorporated for a number of reasons. 
Firstly, these ligands have been widely studied by molecular mechanics. 
Secondly, the variety of coordination geometry is less, many tetradentate ligands 
being macrocyclic rings. Fields have been left free to allow incorporation of 
tetradentate ligands into the data format. For example, record type 3 a has room to 
include four donor atoms, and fields for an extra sub-chain and extra distances. 
Further ligand type and position codes will need to be defined for tetradentate 
ligands along with type/sub-type codes to describe the coordination geometry.
The aim has not been to replace the CSD, nor would we ever wish to, but to 
provide an additional tool to aid in the molecular modelling process. The retention 
of the CSD refcode in the new format provides a link back to the main database. 
Inclusion of coordinates was initially undesirable, largely from the point o f view 
of file size. Inclusion, however, of the coordinates of the metal centre and donor 
atoms allows searches to be restricted by, or to allow output of metal-donor bond 
lengths and angles. This capability is particularly desirable when parameterising a 
molecular mechanics force-field. In addition, the coordinates of all other atoms in 
the chelate ring have now been included in the form of a separate record (3 c), 
allowing analysis of the coordination geometry of ligands in different structural 
types. Again this is useful in force-field parameterisation.
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3.4.5 Testing
As in the development of any piece of computer software, testing was of major 
importance. Data corrupted or improperly converted is of no use at all. A number 
o f test CSD FDAT entries were manually selected to cover the full range of 
structural features covered by the system. Additionally, a further set o f FDAT 
entries outside the scope of the current format were selected to test the error 
trapping and reporting within the conversion software. The main features o f the 
CSD FDAT structures used in testing are summarised below.
1) Monodentate, Bidentate and Tridentate ligands (chain and branch type).
2) Ligands with donor atoms specified/unspecified in the donor type code table 
(Table 3.2)
3) More than one metal centre per refcode.
4) Ligands with more than 3 atoms in the chelate ring, i.e. requiring more than one 
record (3 c).
5) Ligands containing greater than 35 atoms, i.e. requiring more than one record 
of types 3d and 3e to store ligand connectivity and atom types.
6) Structures with a variety of geometric types and sub-types.
7) Ligands of different size/donor atoms to test the assignment of priority.
The converted output file was examined manually in each test case looking for 
discrepancies and errors. The conversion software has been fully tested for 
octahedral metal centres, performing as expected in all of the test cases defined. 
Geometrical types/sub types were correctly assigned for all test structures and in a 
search over 15000 metal complexes no unclassified structural type was 
discovered. Other coordination geometries have yet to be exhaustively tested.
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Three of the structures used to test the trapping of features not supported within 
the current format are shown in Figure 3.24. These cover ligands of denticity 
greater than tridentate, multinuclear structures and examples found to exceed the 
path limit caused by memory restrictions.
(c) BESYUT(b) CATMEP(a) CEWTUT
Figure 3.24. Three structures used in the testing process, (a) possesses a 
tetradentate ligand; (b) is a multinuclear complex; and (c) causes the generation of 
more molecular paths than can be handled. Hydrogen atoms are omitted.
Key to refcodes in Figure 3.24.
BESYUT = octakis(mu!2$-Nitrito)-bis(mu!2$-hydroxo)-tetrakis 
(ethylenediamine)-penta-nickel dihydrate 
CATMEP = tetrakis(mu ! 2$-2-Pyridonato-N,0)-tetrakis(ethylenediamine)- 
tetra-platinum(ii) tetranitrate 
CEWTUT = Ethylenediamine-(thylene-N,N'-diaceto)-cobalt(iii) perchlorate
Inspection of all structures written to the error file was not possible due to the 
large amount o f structures present. A random inspection of ten occurrences of 
each of the errors (high ligand denticity, multinuclear centre and structure too 
large for processing) revealed no deviation from the expected behaviour. Further
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to this, an examination of the output data file revealed no occurrences of an 
asterisk, the character associated with overflows in FORTRAN-77 output.
Conversion of an FDAT file to the new data format is a time consuming process. 
Conversion of circa 5000 octahedral complexes took approximately 8 hours on a 
MicroVAX QII. Removal of reporting to the screen during processing would 
serve to reduce this time. Further optimisation has not been necessary since for a 
given FDAT file, conversion is only performed once allowing any number of 
searches to be performed subsequently.
3.4.6 Search Software
An additional program has been developed to search the generated file format. 
Specimen results achieved using this search software are presented in the 
following section. Search criteria are entered via a menu driven front-end. Some 
of the possible search criteria are listed below:
• Geometrical type/sub-type
• Metal centre type
• Ligand type/bridge size
• Ligand connectivity
Output requirements are similarly entered via a menu driven front-end. The above 
items may be output, along with bond lengths and angles. Searching is performed 
sequentially on a converted data file. Search times for a file of circa 5000 
octahedral complexes are around 40 to 60 minutes depending on the output 
requirements. The search software has been written largely to test the application 
of the new data format. Improvements are necessary to frilly meet the potential of 
the data format.
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3.5 SPECIMEN RESULTS
To illustrate the applications made possible using the new data format, a number 
of test runs are discussed below. All searches have been carried out on a data file 
converted from data retrieved from the January 1993 CSD data file. QUEST was 
used to produce an FDAT file containing octahedral metal centres, eliminating 
entries with an error flag set or lacking 3D coordinates.
3.5.1 Analysis of Metal-Donor Bond Lengths and Angles
Using a conventional CSD GSTAT analysis, we are able to tabulate metal-donor 
atom bond lengths and angles for a ligand. Inclusion of metal and donor atom 
coordinates within the new data format permits the reporting of metal-donor bond 
lengths according to the complex geometric type. For example, a search was 
performed to analyse the Nickel-Oxygen bond length in octahedral nickel 
complexes of the acetylacetone (acac) ligand (Table 3.3).
Table 3.3. Analysis of the N i-0 bond length in octahedral complexes o f the acac 
ligand, a  is the standard deviation and nocc fhe number of occurrences of the Ni-
O bond (two per acac ligand).
Number of 
Ligands
Geometric
type
N i-0  bond length
mean (A) G  (A) I^OCC
12 2.015 0.0001 2
1 (acac) 13
14
12
2 (acac) 13 2.021 0.0125 4
14 2.022 0.0372 36
12 2.043 0.0483 6
3 (acac) 13
14
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The bond lengths shown are separated out according to the number of acac ligands 
present in the complex, and the geometric type. As discussed previously in this 
chapter, it is difficult using the conventional CSD software to limit the range of 
structures retrieved in a given search for metal-ligand systems. When examining 
metal-donor bond lengths for a given ligand this can lead to the need for laborious 
manual intervention in order to generate data suitable for use in a molecular 
mechanics force field. Using the new data format, reliable values can be 
determined rapidly for use in molecular mechanics and elsewhere. Additionally, it 
may be easier to relate distortions from ideal coordination geometry in a series of 
complexes according to the types of ligands present.
3.5.2 Bidentate Ligands with Large Chelate Ring Size
Fields within the data format (record type 3 a) detail the size of the chelate ring of 
the coordinated ligand (Figure 3.25).
\  /
Figure 3.25. Schematic representation of the coordination of phenanthroline to a 
metal centre (M). Ligand atoms in the chelate ring are highlighted.
The chelate ring in this example is five-membered. In the data file, distance 1 
(record 3 a) records the number of ligand atoms (excluding donor atoms) in this 
ring, in this case the number being two. The same criteria apply to tridentate 
ligands.
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This measure provides a straightforward means of examining the coordination 
structure of a ligand. Searches can be conducted to retrieve ligands of a certain 
ring size from the data file. Retrieval of structures based on this criterion is not 
feasible with the CSD, without the need for manual examination of the hit 
structures. Figure 3.26 illustrates the problem.
\  / \  /
Figure 3.26. Other pathways between donor atoms.
There is just no way using QUEST or QUEST-3D to define which atoms form 
part of the chelate ring. Other pathways are possible between the two nitrogen 
donor atoms. Thus a search for a coordinated fragment of the type, N-(aa)^-N 
where aa is the symbol for any atom and n an integer defining the chain size, will 
result in an enormous amount of unwanted data.
As an example of the use of the new format in this way, structures with ligands of 
a ring distance of nine or larger were retrieved from a data file containing 
octahedral metal complexes derived from the CSD as above. Two o f the hit 
structures located are shown below (Figures 3.27 and 3.28).
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Key to Figures 3.27 and 3.28,
KIVWIV = cis-( 1,11 -bis(Diphenylphosphino)-3,6,9-trioxaundecane)- 
tetracarbonyl-molybedenum 
TCIRPPIO = Trichloro-carbonyl-2,11 -bis(diphenylphosphinomethyl)benzo(c)- 
phenanthrene-iridium(iii) dichloromethane solvate
Figure 3.27. Stick representation of CSD refcode TCIRPPIO. Hydrogen atoms
and solvent molecules are omitted.
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Figure 3.28. Stick representation of CSD refcode KIVWIV. Hydrogen atoms are
omitted.
The ability to access ligands on this basis permits the comparison of coordination 
positions, and the retrieval of unusual ligand types, such as bidentate ligands 
spanning trans- positions.
3.5.3 Ligand Geometry
As has been shown in the previous study, the distance measure permits the 
retrieval of ligands based on chelate ring size. Inclusion of the coordinates for all 
atoms in the ring allows the study of ligand geometry in coordination. As an 
example of this, the search software was modified to allow the output o f the 
coordination geometry of the ethylenediamine ligand in the octahedral complexes 
to be studied. For all occurrences the ligand is transformed such that the metal 
centre lies onto the origin of a set of coordinate axes, with the N-M-N angle in a 
horizontal plane (Figure 3.29)
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Figure 3.29. Schematic of the coordination geometry of the coordination of the 
ethylenediamine ligand to a metal centre; (a) chelate ring (b) looking down at the 
N-M-N plane with the metal centre at the centre of the axes into the page.
Coordinates of the 4 ligand atoms (N, C, C, N) were output to a file for 
examination using Microsoft Excel spreadsheet (Figure 3.30).
D evia tion  from  p la n e
0.6
0.4
0.2
N-M -N p la n e
0.5-0.5
- 0.2
-0.4
- 0.6
Figure 3.30. Scatter plot representation of the coordination geometry of the 
ethylenediamine ligand. The horizontal axis represents the N-M-N plane with the 
metal lying on an axis perpendicular to the centre. Deviations shown are in A
Not all the occurrences of the ethylenediamine ligand are shown above, with a 
similar plot for the those occurrences in the alternative isomeric arrangement i.e.
Chapter 3 : A New Data F ile Format for Coordination Complexes 167
with a positive deviation in the positive N-M-N axis, and a negative deviation in 
the negative N-M-N axis. Bond lengths, angles and torsion angles can also be 
tabulated for comparison. These studies are another example of an application of 
the new data file of particular significance to the definition of unknown molecular 
mechanics parameters.
3.6. CONCLUSIONS
The developments described above detail the development of a computer program 
to convert structural data taken fi*om a CSD FDAT file into a new data file format 
that has been specifically designed to address the special needs of the molecular 
modeller working with metal coordination complexes. At the heart o f the new 
format is the separation of the connectivity table into metal and ligand subsets. 
Additional geometric information derived fi-om the crystallographic coordinates is 
included in the data file allowing data to be retrieved in ways not practical using 
the CSD search software.
Even with the current rudimentary search software, use of the new data format has 
proved invaluable in surveying the structural data locked up in the Cambridge 
Database. The ease of accessing data without the need for manual exclusion of 
unwanted structures is a major bonus to the modeller. In particular, use of the data 
file significantly expedites the parameterisation of molecular mechanics force 
fields. The specimen results provided have highlighted other areas of application.
Future Work
This section details areas in which the data file format developed, together with 
the associated software could be developed in the future. Future applications of 
the database in rational methods of structural design are also discussed.
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Search Software
The search software developed as part of this work provides only a basic, rigid 
means of accessing the data present within the created data file. To make the data 
file more widely usable, more flexible searching and reporting routines are 
necessary. For example, at present an exact ligand may be entered as a search 
criterion. The ability to search on general ligand structure (including general or 
user defined atom types, as with the QUEST *ELDEF instruction) or sub-structure 
as in the QUEST *CONNser instruction would be particularly useful.
Range of Structures
Currently, only four to six coordinate mononuclear complexes o f monodentate, 
bidentate and tridentate ligands are covered. An obvious area for further work is in 
extending this range. As has been previously mentioned, extension to cover 
tetradentate ligands is a relatively straightforward goal. For higher dentate ligands, 
the rewards for inclusion are less. Increasing the number of donor atoms in the 
ligand increases the complexity necessary in the coded description of the ligand. 
Additionally, only small numbers of such ligands are present.
In Chapter 2 of this thesis, molecular mechanics calculations were performed on 
eight and nine coordinate complexes of uranium and europium (Figure 3.31). The 
ligand types encountered with in these complexes are similar to those for 
complexes of lower coordination number.
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Figure 3.31. Eight Coordinate Structure of CSD refcode AFTBEU. Bond orders 
are not shown and Hydrogen atoms have been omitted.
Extension of the range of structural types covered to include higher coordinate 
mononuclear complexes is thus a very desirable goal. Partition of the structure 
into ligand sub-sets for each metal centre encountered does not present a problem. 
The above example (Figure 3.31) would thus have 5 sets o f ligand records (3 
bidentate and two monodentate). Assignment, however, of a geometric type may 
not be as desirable. As the file format stands, the geometry of complexes of 
coordination number four to six is automatically assigned by the conversion 
software. With more donor atoms present the concepts o f cis- and trans­
isomerism are less obvious and the geometrical arrangement of ligands about the 
metal harder to describe. One possibility is the inclusion of structures with higher 
coordination numbers, but with categorisation into a geometric structural type 
omitted.
So far only mononuclear complexes have been considered. The chemistry of 
coordination compounds is not however limited to mononuclear complexes. 
Multinuclear structures are also of great interest (Figure 3.32).
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Figure 3.32. Two examples o f non-mononuclear structures.
Future developments of this data format will need to examine ways in which such 
structures may be included. These structures are important in many ways, not least 
because they contain further information on the behaviour of many of the ligands 
present in mononuclear complexes.
Rond Orders
Bond order information has not currently been included within the data file 
format. The major reason for this omission is the absence of bond order data 
within the CSD FDAT file format. Inclusion of bond order data within the ligand 
connectivity records would be desirable as a future development. To enable this 
change, two possibilities present themselves. Firstly, bond type information is 
held within the CSD FCON file format and could be incorporated by means of 
reading two input files simultaneously (FDAT and FCON). Secondly, the 
MODEL file format could be adopted as an alternative source of input data. The 
MODEL format is designed to be the new interface from QUEST3D to 
commercial and in-house molecular modelling packages. The file format adheres 
to the STAR/CIF conventions (Hall, 1991) and is thus internally self-documented, 
consisting of a series of data names followed by data items which may occur in 
looped list.
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Rational Molecular Design
Enhanced provision of structural data is in itself beneficial to the modelling 
process. No computational method has however yet become universally applicable 
to the field of coordination complexes. Further research is necessary in order to 
examine new ways of modelling the structures o f coordination complexes. 
Knowledge-based modelling has become widespread in other areas of chemistry, 
and it is hoped that enhanced access to the available structural data may open up 
similar opportunities for coordination compounds.
4
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4.1 INTRODUCTION
4.1.1 Aims
The properties of many molecular materials are determined by interactions arising 
in the solid state. In order to predict the properties of a given system we must thus 
be able not only to predict the structure of the isolated molecular unit, but also to 
predict how these units pack in the solid state to form a crystal structure. The aim 
of the work presented in this chapter is to investigate the influence of a number of 
parameters in determining the solid state structure. The concepts o f molecular 
volume, shape and the close-packing principle are considered along with 
similarity methods based on the use of crystallographic databases. It is hoped that 
these investigations will lead to effective methods for the prediction of crystal 
structures of both organic and metal complex systems.
4.1.2 Solid State Molecular Materials
The aim and ultimate result of a crystal structure analysis is often merely the 
investigation of molecular structure. A crystal is all too often regarded as a mere 
container of identical entities, the molecules (Braga, 1990). Molecular solids are 
o f great current interest in the search for new materials with a variety o f potential 
applications. Much importance is placed on designing a new generation of organic 
or metal-organic solids exhibiting properties normally associated with bulk metals 
(Marks, 1990). The electron band occupancy for metals, semiconductors and 
insulators are illustrated below (Figure 4.1).
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Figure 4.1. Schematic illustration of electron occupancy in allowed energy bands 
for a classical metal, a semiconductor, an insulator and a semi-metal.
These new materials are termed semi-metals (or synthetic metals), molecular 
metals or organic metals. Proposed applications include energy storage devices 
(MacDiarmid, 1986), non-linear optical materials (Sinclair, 1989), solar energy 
devices (Kanicki, 1986), sensors (Maisik, 1985; Gamier 1989) and switching 
devices (Natan, 1989).
Some conducting complexes have been discussed previously in Chapter 1 of this 
thesis. Some of the most common building blocks for organic molecular 
conductors are shown in Figure 4.2.
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Figure 4.2. Common building blocks for non-metalloeyelie molecular conductors. 
Key: TTF = tetrathiafulvalene, TSF = tetraselenafulvalene,
TMTTF = tetramethyltetrathiafulvalene, TSF = tetramethyltetraselenafulvalene, 
BEDT-TTF = bisethylenedithiotetrathiafulvalene,
TCNQ = tetracyanoquinodimethane,
TCNQ-F4  = tetrafluorotetraeyanoquinodimethane and 
DMTCNQ = dimethyltetraeyanoquinodimethane.
Two overriding features are generally considered essential for converting an 
unorganised collection of organic or coordination compounds into an eleetrieally 
conductive, multi-molecular solid state array. First the molecules must be located 
in close spatial proximity and in similar crystallographic and electronic/eoulombie 
environments such that a favourable, energetically uniform, extended pathway 
exists for electronic charge diffusion. Secondly, the highest energy band (Figure 
4.1) must be incompletely filled. Interactions with counter ions can also be 
responsible for influencing the solid-state structure and hence the electronic 
properties of the material.
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It is intermolecular interactions in the solid state that give rise to the properties of 
these materials. As a result accurate simulation of crystal structure is an essential 
goal for the molecular modeller. More importantly, a greater understanding of the 
factors controlling crystal structure should lead to the ability to rationally design 
or'fine-tune' materials with desired physical properties.
4.1.3 Methods
Computational models of crystal structures have been used extensively to interpret 
and predict the atomic or molecular arrangements and some properties of 
crystalline substances. No method can yet claim to provide an answer to the 
overriding question: Why do molecules pack in their observed space groups? 
Ultimately whatever method is utilised the goal is the ability to predict the 
observed crystal structure based solely on a knowledge of the molecular structure.
It is easy to see the extent of the problem if we consider the huge number of 
variables involved. A molecular unit (often eonformationally flexible) may pack 
in one of 230 different space groups, with unit cell parameters a, b, c, a , p, and y. 
The molecular unit may adopt a particular position within the cell restricted only 
by symmetric constraints. In addition, the phenomenon of polymorphism, 
whereby a given molecular unit may exist in more than one crystal form, adds to 
the complexity of the predictive problem.
It is impossible here to cover in detail all methods that have been used for the 
simulation and attempted prediction of crystal structure. Desiraju (Desiraju, 1989) 
provides an excellent review of the subject in his book on the Crystal Engineering 
of Organic Solids. Other reviews are provided by Wright (198^) and Busing 
(1985) and the literature cited therein. In this introduction to solid-state modelling 
it is worth however, summarising the two main methods that have evolved; (a)
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numerieal calculations based on a description of intermolecular forces and (b) 
statistical methods based on examination of structural databases Polymorphism is 
also considered.
4.1.3.1 Computational Models
A computational model consists of a description of the crystal structure, a 
procedure for calculating the potential energy of a given structure, and a way of 
minimising the calculated energy by adjusting the structural variables. The 
structure description contains the crystal parameters, the coordinates o f the 
asymmetric unit and the symmetry operators. The sheer scale of the computational 
problem has been the limiting factor in using such models in a predictive manner. 
Other computational models may include a different measure to minimise other 
than potential energy, such as the packing efficiency (Kitaigorodskii, 1973) of the 
molecule in the unit cell.
The structures of molecular crystals are influenced by both intramolecular and 
intermolecular forces. Intramolecular forces determine molecular shape (and 
conformational flexibility), which in turn play an important role in determining 
the most effective ways of packing the molecules together in the crystal. I f  the 
intermolecular forces are particularly large or strongly dependent on the relative 
orientation of adjacent molecules, then they may be responsible for modifying the 
crystal structure from that deduced from simple considerations o f molecular 
packing. Many different types of intermolecular forces are known such as dipolar 
interactions, dipole-indueed dipole interactions, London (dispersion) forces and 
charge interactions. These interactions are difficult to apply on a practical level to 
describe interactions in a crystal. A more realistic and quantitative approach is to 
sum the interactions of each of the atoms of a molecule at some convenient origin 
with atoms of surrounding molecules. Since most intermolecular forces fall off
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rapidly with increasing distance (e.g. r"^), it is not normally necessary to extend 
the summation to very large distances. A typical approach is to partition the 
interactions between atom types k and 1 at a distance ry into electrostatic, 
repulsive and van der Waals potential energies, giving an expression for the 
interaction energy Ukl(rij) of the form,
U“(r^ ) = (q,qj) /(Diij) + -c7 r^
where qj and qj are fractional charges on the atoms, D is the effective dielectric 
constant, A^l is the repulsive coefficient and C^l is the attractive coefficient (see 
for example, Wright, 198^. These constants can be evaluated by optimising the 
fit of the calculated lattice energy to the experimental values for a number of 
model compounds, with distinct values for different k-1 interactions i.e. C-C, C-H, 
H-H. It is likely that these calculations will play an increasingly important role in 
the study of molecular crystals as computing power continues to grow, 
particularly with the advent of distributed-array processors.
4.1.3.2 Database Methods
The forces in a crystal are a complex blend of isotropic and anisotropic, short- 
range and long-range, polar and non-polar interactions, complicating the 
numerical methods of structural prediction highlighted above. In addition, a set of 
well parameterised parameters for a homogenous group of compounds will almost 
always inherently produce an energy minimum for an observed crystal structure of 
a closely related compound. Kitaigorodskii realised these limitations in the atom- 
atom potential method, arguing that simplicity and generality are often more 
important than exact numerical agreement with crystal properties. Others have 
preferred to incorporate additional terms arguing that differences in energy 
between closely related structures are significant. In this way, accuracy is gained
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at the expense of generality and the model may not readily be applied to other 
unrelated structures.
Despite the fact that the physical nature of many types of intermolecular 
interactions in crystals is far from properly understood, the consequences of these 
interactions are known very accurately in the form of experimentally determined 
structural data. The basis of knowledge-based approaches is the statistical 
analysis o f structural data in order to derive rules about er^/stallisation patterns. 
For example, if a particular motif or structural pattern were to occur often enough 
in a group of crystal structures, it may be expected to be found in a crystal 
structure of a related compound. Again Desiraju (1989) reviews a number of 
examples of this approach.
4.1.4 Polymorphism
The intermolecular forces which establish stable crystal structures are both weak 
and numerous in type and the role o f entropie factors may vary with temperature, 
and thus an observed crystal structure is often only one of several minima in the 
free energy surface. It may also not correspond to the global energy minimum. It 
requires only small differences in free energy between alternative yet chemiealj^ 
and crystallographically reasonable packing modes to obtain clear preferences in 
the crystal. As the free energy differences between these many minima become 
smaller, there is an increasing possibility of obtaining polymorphic structures; 
structures where the same molecular unit packs in different ways to form distinct 
crystal forms.
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(a) triclinic form
(b) monoclinic form
Figure 4.3. Schematic polymorphic crystal structures in 1,4-dichlorobcnzcnc.
The occurrence of polymorphism is a distinct disadvantage in attempts to 
systematically design the structures of organic solids. Since most physical and 
chemical properties in such materials arc crystal-structurc dependent, obtaining 
the wrong structure by crystal engineering may be likened to obtaining the wrong 
stereoisomer in an organic synthesis. Small energy differences between minima 
on the free energy surface make prediction of the 'correct' morph difficult. 
Experimentally, polymorphism is a widespread phenomenon. In a recent review, 
Bernstein (1987) estimates that over 1500 entries in the CSD at that time
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represented polymorphic modifications. It is probable however, that many more 
compounds have polymorphic forms that have not been characterised. With 
chemists generally only resiHting to time consuming X-ray crystallographic 
determinations as a means of clarifying molecular structure, a widespread 
exploration of polymorphism is unlikely. Only systematic exploration can hope to 
reveal all polymorphic possibilities.
Various types of polymorphism are possible. The example given above (Figure 
4 .3 ), is one where a rigid molecular unit adopts alternative ways of close packing. 
Such polymorphs often share many common structural features (i.e. common 
means of stacking layers). Identification of these structural features for classes of 
compounds can be used in a predictive manner for an unknown compound o f the 
same type. With eonformationally flexible molecules, variations in the crystal 
packing may be more considerable (Bernstein, 1978). Molecular units may adopt 
different conformations in different polymorphs, often formed under alternate 
crystallisation conditions. Polymorphism undoubtedly poses a major problem.
4.1.5 Current Research
A variety of metw^S are currently being adopted to investigate the prediction of 
crystal structures. The concept of crystal engineering which involves the 
deliberate design of crystal structures for specific physical and chemical effects 
has elicited much interest (Desiraju, 1989).
In the way of a taste for the types of research avenues being explored, a number of 
examples are provided here. The vast majority of published articles have been 
concerned with the prediction of crystal structures for organic molecules. 
Representative of this is the pioneering research of Gavezzotti using statistical 
methods alongside potential energy calculations to predict the crystal structure of
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organics. Very few studies have been conducted on inorganic systems and this 
probably mirrors the bias of other molecular modelling towards organic species. 
Two of the examples detailed illustrate studies on inorganic systems.
4.1.5.1 Optimised Potential Functions
Gavezzotti has played a leading role in researching methods for the prediction of 
crystal structure for organic molecules. Statistical analysis has been used to 
examine the structural properties o f solid hydrocarbons retrieved from the CSD 
(Gavezzotti, 1989). Gavezzotti was able to correlate relationships between various 
properties such as calculated packing energy, sublimation energies, and molecular 
shape and molecular structure. Further work extended these studies to include 
organic crystals containing C=0 and C = N groups (Gavezzotti, 1990a and b). The 
effects o f the introduction of a polar substituent onto a hydrocarbon substrate are 
correlated in a similar manner to various molecular properties. These studies 
enable broad statements to be made concerning the nature of the packing 
observed. For example, aside from P2i/c, the space group P 2 i2 i2 i  (non- 
centrosymmetric) is the most frequent in the crystals examined; the presence of 
the dipole not increasing the chances o f having a centrosymmetric space group.
Gavezzotti believes that statistical exploitation of the database is valuable, but not
tr
alone likely to lead to complete crystal structure control and prediction. Latqgrt 
work (Scaringe, 1987; Gavezzotti, 1991 and 1993) involves use of a systematic 
procedure for the generation of possible crystal structures from the molecular 
structure. The method involves generating a molecular model and then the 
construction of molecular pairs, strings and layers in turn, by applying the most 
common symmetry operators in organic crystals (inversion centre, screw axis, 
glide plane. Table 4.1).
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Table 4.1. Some Combinations of Symmetry Operators and the 
Resultant Space Groups.
First Second space lattice
operator^ operator group periodicity
T none PI
I none FT
S none P2i b =  2 yo
G none Pc c = 2zo
S I P2i/c b = 2yo 
c = 4Ro
I S P2 i/c b = 2 yo
c = 4Rq
s SC P2 i 2 i 2 i Cf = 4Rg 
b = 2yo 
c = 2zo
Notes:  ^S alongy, G perpendicular to y  with translation 
on z, b unique axis in monoclinic.  ^Resulting from the 
combinations; yQ, Zq, optimised screw or glide 
translations; Rg, optimised distance between the two 
operators.  ^Along z.
Stable molecular nuclei are identified and a three-dimensional structure reached 
by pure translation of these molecular nuclei. Statistical correlations from 
database studies are then used along with energy calculations to predict the most 
likely crystal structures. Similar studies have been conducted by Desiraju (1989, 
1991) and Etter (1991). A structure generation was carried out on a chalcone 
structure (Figure 4.4).
C-CH=CH
Figure 4.4. Structure of 1-phenyl-3-(4'-N,N'-dimethylphenyl)-2-propen-l-one.
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The results are summarised in 
optimised using the potentials
Table 4.2. Calculated Crystal 
the unit cell volume
Table 4.2. The experimental values given have been 
used in the predictive calculations.
Structures. a,b,c are in A; a,p,y are in degrees; Vg is 
:; and the calculated energy in Kcal mol"l.
a b c a P y Vc Energy
Experim ental Crystal Structure: P2i/c, z=4 
11.80 12.14 9.56 - 109.5 - 1304.3 -32.1
P I  crystal structures, z=2
6.23 8.12 16.51 117.2 80.4 116.4 665.3 -31.4
6.23 9.14 14.88 82.9 117.6 114.1 683.8 -30.7
6.30 9.53 12.79 97.1 73.5 113.3 675.3 -30.6
7.29 9.06 10.76 87.4 105.5 97.3 678.1 -30.5
P2 i crystal structures, z= 2
12.11 3.81 14.70 - 81.2 - 669.6 -30.6
11.52 3.98 14.72 - 87.4 - 673.6 -30.5
12.00 3.81 14.72 - 87.7 - 672.0 -30.5
6.59 6.48 18.38 - 59.7 - 677.1 -29.4
P2i/c crystal structures, z=4
16.93 7.24 11.79 - 72.1 - 1375.3 -29.9
16.48 7.28 11.76 - 77.5 - 1377.7 -29.8
17.42 7.24 11.80 - 112.3 - 1375.9 -29.9
P212 12 1 crystal structures, z=4 
23.91 3.80 14.90 1352.6 -30.7
19.30 3.79 18.73 - - - 1370.3 -30.0
13.52 6.97 14.39 - - - 1355.9 -30.1
The calculations result in a range of possible structural types, none of which could 
be said to show good agreement with the experimental values. The studies are 
valuable because they provide a means of predicting structures o f similar energy. 
Further experimental work is necessary to explore possible polymorphs. The 
calculated trial structures can also be used to generate powder diffraction profiles.
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to be matched with experimental results. Gavezzotti suggests this as offering the 
way forward in structure prediction.
4.1.5.2 Crystal Packing of Transition Metal Binary Carbonyls
Braga (1990) has examined the crystal packing of neutral first-row transition 
metal binary carbonyl species, namely, [V(C0)6], [Cr(C0)6], [Mn2 (CO)io], 
[Fe(C0 )5 ], [Fe2 (CO)9 ], [Co2 (CO)8 ] and [Ni(CO)q]. The aims of the study were 
to answer a number of basic questions: ( 1) do molecules of neutral binary 
carbonyls pack in their solids according to the same close-packing principles as 
organic molecules?; (2) if  they do, is there a preferred packing motif?; and (3) is 
thefr a preferred mutual orientation of the CO groups belonging to neighbouring 
molecules in the crystal?
Several quantitative measures are adopted to compare the packing across the 
series of compounds. Molecular volume (V ^) is calculated using the 
Kitaigorodskii (1973) method of intersecting caps (see also Gavezzotti, 1983a). 
Packing coefficients, a rough indication of the efficiency of molecular packing in 
the crystal (Kitaigorodskii, 1973), are obtained firom the ratio T N ^ N qqW (where 
Z is the number of molecules in the unit cell, and Vgell the cell volume). In 
addition, a packing potential energy (p.p.e.) is calculated according to the atom- 
atom pairwise method by means of,
p.p.e. = ZiZj [Aexp(-Brij) - Crÿ-6 ]
where, ry represents the non-bonded atom-atom (i to j) intermolecular distance. A, 
B and C are coefficients corresponding to the atom types. No charge term was 
included as it was found to have only a negligible effect on the p.p.e. To assess the 
mutual orientation of CO groups, an 'enclosure shell' was created containing all
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first-neighbouring molecules to a reference molecule using a cut-off distance of 
3.3Â (Figure 4.5).
enclosure
shell
reference
molecule
Figure 4.5. Comparison of the mutual orientation of neighbouring carbonyl
groups.
The mutual orientation is defined by computing the angle co between the vectors 
of each CO(ref.)-CO(encl.) pair., as well as the angle (p between the vectors 
C(ref.)0(ref.) and 0(ref.)0(encL). The distances a and b are also used to compare 
the spatial relationship between CO pairs (Figure 4.6).
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Figure 4.6. Histogram showing the distribution of the angles between first 
neighbouring CO pairs for the species examined (excluding [Ni(C0 )4 ]).
These studies provide no evidence that there is any preferential orientation of the 
O atoms towards neighbouring CO bonds. The conclusion is that the orientation of 
the neighbouring CO groups in the species under examination reflects the balance 
between the molecular shape and the tendency of the molecules to adopt a close- 
packing arrangement rather than any electronic requirements of CO—CO 
intermolecular interactions. In addition two basic packing arrangements survive 
changes in space group symmetry, namely cubo-octahedral (A-B-C layers) and 
anti-eubo-octahedral (A-B-A layers).
The results are considered by the authors as generally qualitatively encouraging. 
This reflects the ability to reproduce trends and general structural motifs, but not 
to be able to make any firm steps towards predicting the structures of these types 
of compounds.
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4.1.5.3 Size and Shape Characteristics of Inorganic Molecules and Ions
Mingos (1991) has examined the role of size and shape on the packing of 
molecular salts. The manner in which molecular inorganic molecules pack is 
important in contributing to the conduction, magnetic and non-linear optical 
properties of materials in the solid-state in the same way as for organic materials. 
Many of these inorganic materials contain molecular salts and thus such a study is 
vital to a greater understanding of the factors influencing solid state structures.
The volumes, surface areas and shapes of a wide range of ions in coordination and 
organometallic chemistry were calculated from the van der Waals radii of the 
constituent atoms (Bondi, 1964) as discussed elsewhere in this chapter. The 
molecular volume (Vm) and the effective radii (Reff) can be used to describe the 
size of an ion. The effective radius based on molecular volume is given by 
RefK^m) ^  (3Vm/47i)l/^ , whilst that based on surface area is given by RefK^m) 
= (Sui/47i )1/2 . Three indices are used to describe the molecular shape based on the 
moments of inertia calculated without mass weighting. Denoting the largest o f the 
moments M j, the middle one M2  and the smallest one M3 leads to definitions of 
the three normalised indices as follows.
Spherical index: Fg = M3 /M 1
Cylindrical index: Fg = 1- [(M2 + M3)/2M i]
Discoidal index: F^ = 1- [2M3 /(M i + M2 )]
These can be used to classify the shapes o f cations and anions. Spherical ions have 
M1»M2«M3 whilst cylindrical ions have M 1>M2 «M3 . Some of the size and 
shape parameters calculated by Mingos are tabulated below (Table 4.3).
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Table 4.3. Calculated Parameters (V ^ is in A^, Sj^
^eff(^m) I^max ^)*
inA2, andReff(Vni),
Ion ^m ^m Reff
(Vm)
Reff
(Sm)
Rmax Fs Fc Fd
[NH3]+ 24 43 1.78 1.85 2.15 1.00 0.00 0.00
[NMe4]+ 91 123 2.79 3.13 3.27 1.00 0.00 0.00
[Cr(NH3)6]3+ 126 176 3.11 3.75 3.70 0.93 0.07 0.04
[Cr(en)3 ]3+ 192 236 3.58 4.33 4.96 0.38 0.32 0.61
[NBu4]+ 287 346 4.09 5.25 7.07 0.14 0.43 0.86
[NO3 ]- 34 58 2.02 2.14 2.67 0.00 0.50 1.00
[PF6 ]- 54 82 2.34 2.55 2.88 1.00 0.00 0.00
[CUCI4 ]- (sp) 98 138 2.86 3.31 4.07 0.00 0.51 1.00
[Fe(CN)6]3- 155 190 3.33 3.89 4.62 1.00 0.00 0.00
Mingos hopes to be able to use these shape parameters in the future to provide a 
more rational basis for choosing specific counter-ions to stabilise unusual 
coordination geometries.
4.1.6 Summary
The above discussions illustrate the immense difficulties associated with 
predictive modelling in the solid state. Whereas molecular modelling methods for 
isolated species are becoming increasingly predictive and rationally based, in the 
solid-state this level of sophistication remains an illusive goal. Maddox (1988) 
sums up the general feeling in a Nature editorial:
" O n e  o f  t h e  c o n t i n u i n g  s c a n d a l s  i n  t h e  p h y s i c a l  s c i e n c e s  i s  t h a t  i t  r e m a i n s  i n  g e n e r a l  
i m p o s s i b l e  t o  p r e d i c t  t h e  s t r u c t u r e  o f  e v e n  t h e  s i m p l e s t  c r y s t a l l i n e  s o l i d s  f r o m  a  k n o w l e d g e  
o f  t h e i r  c h e m i c a l  c o m p o s i t i o n . "
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This remains true to this day. Few, if any, of the so-called predictive studies 
published in the literature could be considered to be truly ab-initio in nature. 
Often, constraints are introduced to reduce the size of the problem. For example, 
selection of a space group may be limited to one of the most commonly observed 
of the 230 possible space groups. As discussed above, Gavezzotti (1983a) limits 
his possible structures to those space groups that arise fi'om simple combinations 
of the most common symmetry operators.
With interest in new solid-state materials increasing, the ability to predict crystal 
structure has become ever more important. The question, however, remains: What 
factors do force a given molecular species to crystallise in a particular space 
group/s?
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4.2 SHAPE SIMILARITY
4.2.1 Introduction
Molecular similarity has long been considered an important concept in the rational 
design of new drugs for the pharmaceutical industry. The SPERM (from 
Superposition by PERMutation) program, developed by Perry and van Geerestein 
(Perry, 1992) ranks molecules in a 3D structural database according to their 
similarity in a 3D property profile with respect to a chosen target molecule. The 
technique has been applied in searching databases for potential lead compounds in 
drug design. The main assumption is that potential candidates would be similar in 
some way to known active compounds. Use of the SPERM algorithm allows the 
rapid calculation of molecular similarity, leading to practical applications using 
structural databases of maybe one hundred thousand or more compounds.
The aim of this study is to examine the potential application of the SPERM 
algorithm to the problem of crystal structure prediction. Our objective is to 
ascertain whether similarly shaped molecular species, and in particular metal 
complexes, exhibit any similarity in the observed crystallographic packing. All 
calculations were performed in conjunction with Dr. Paul Verwer and Dr Vincent 
J. van Geerestein from the Department o f Computational Medicinal Chemistry, 
Organon International B.V., The Netherlands on a UNIX workstation.
4.2.2 Methodology
In general, similarity is calculated by comparison of projections of molecular 
property values onto the vertices of a tessellated icosahedron. A brief introduction 
to the operation of the SPERM algorithm is provided in the following sections. A 
complete discussion of the technique is provided in the reference noted above.
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4.2.2.1 Choice of Molecular Property
The molecular property chosen is typically a function of the 3D atomic 
coordinates and parameters associated with the atom and/or bond types. This 
property may represent 3D steric, electrostatic, or lipophilic profile of the 
molecule, although in principle it may be any calculable property. 
Crystallographic packing may depend on a number of factors, including steric 
shape, as well as electrostatic and hydrogen bonding characteristics. A measure of 
similarity using only steric factors is adopted here as it involves only the 
calculation of distances and as such may be rapidly computed. This is a necessity 
where large databases are to be used.
4.2.2.2 Sampling of Molecular Property in 3D Space
The molecular property selected must be sampled at a number o f points on a grid 
in Euclidean space. In the SPERM program a grid comprising points on the 
surface of a sphere is adopted, as suggested by Chau and Dean (Chau, 1987.) The 
centre of the sphere coincides with the geometric or mass centre of the molecule. 
In this way, the property at some location along a ray from the centre o f the sphere 
to a surface point (i.e. the van der Waals surface) is associated with the grid point. 
Figure 4.7 illustrates this technique which is known as gnonomic projection. Two 
different measures are shown, the minimum distance (SURDIS) from the grid 
point to the molecular surface or the radial distance (RADDIS) from the grid point 
to the molecular surface.
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Figure 4.7. Two Dimensional analogy of gnomonic projection of molecular 
properties. The minimum distance from the vertex to the molecular surface (the 
SURDIS measure) is given by V-Sj and the radial distance (the RADDIS
measure) is V-S2-
The sampling points are distributed (approximately) evenly over the surface of the 
sphere and in sufficient number to ensure that the property profile obtained is 
essentially independent of the orientation of the molecule with respect to the 
points. The highest-order regular polyhedron is the dodecahedron, and thus to 
attain a number of sampling points greater than 20 the faces of the polyhedron are 
tessellated as in Figure 4.8.
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Figure 4.8. Plan of an icosahedron showing one face tessellated with a frequency
of 4.
The tessellation fr equency is defined as the number of segments into which each 
icosahedral edge is divided and the number of vertices (n) is related to the 
tessellation frequency (f) by the following formula:
n = 2+10f2
Thus with a tessellation frequency of 4, the number of vertex points is 162.
4.2.2.3 Calculation of the Similarity Index
Various different similarity indices have been previously suggested for the 
comparison of two sets of values of spatial molecular properties, such as the rank 
correlation coefficient (Hodgkin, 1987). In SPERM, the root mean square 
difference (RMSD) used is given by:
RMSD =
i=l,n
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where { and Pg i are the properties of molecules A and B, respectively, at 
point i with n equivalent to the total number of grid points. A minimum in this 
function corresponds to a maximum similarity between two molecules. For a 
given pair of molecules, this function is calculated for a number of different 
orientations to ensure best results. Initially the first comparison is made where the 
two molecules are aligned such that their inertial axes coincide, improving the 
probability of obtaining low RMSD values for the early orientations. This has 
implications on the efficiency of the search process, whereby subsequent 
summations may be terminated rapidly as the RMSD value exceeds the current 
minimum value.
4.2.2.4 Sampling Orientation in 3D Space
When aligning arbitrarily oriented molecules it is necessary to consider both 
translational and rotational degrees of Freedom. Within SPERM the translational 
component is approximated by aligning the geometric centres of each of the 
molecules considered with the centre of the sampling sphere. This approximation 
is valid as the objective of the searches is to locate only those molecules within a 
database that are most similar to the target. The search of rotational space has 
been optimised by the application of symmetry, reducing both the computation 
time and memory requirements.
4.2.2.5 Optimising Orientation
The objective of such a search is to rank database molecules according to their 
similarity to the target molecule. The aim is thus to locate only a single orientation 
of each database molecule which shows the highest similarity to the target species 
i.e., corresponding to the global minimum of the RMSD function. The SPERM 
algorithm utilises a coarse first search and then^em ploys a finer grid to locate
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this minimum. Comparisons are made in an efficient manner by precalculating 
and storing the gnonomic projections for the target molecule with the finer grid.
4.2.2.6 Database Implementation
When applied to large structural databases, such as the Cambridge Structural 
Database (CSD) with over 100000 entries, computational time is an essential 
consideration. Performance of the search process is improved by implementing a 
screening system in which database molecules showing a low 'similarity' to the 
target molecule are not subjected to the SPERM procedure at all. The screens 
adopted by Perry and van Geerestein show a direct relationship to the SPERM 
search properties, and thus some database entries may be eliminated as they 
cannot possibly match the query. Four such screens are adopted, which are used as 
an indicative measure of the similarity between target and database^ structures:
• The molecular volume (Vol)
• The first principal moment of inertia (Ml )
• The ratio of the first and second principal moments o f inertia (Ml 2)
• The ratio of the second and third principal moments of inertia (M23)
By calculating these values for all entries within the database (or a representative 
cross-section of it), the range of values for each screen can be sorted and assigned 
to one of 16-bits in a bit word. Prior to a SPERM run, these screen properties are 
calculated for the target molecule and thus only those database entries that fall 
within a tolerance window (of n-bits) in each such bit word need be subjected to a 
full treatment.
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4.2.3 Experimental
SPERM runs were performed oi^number of target metal complexes. It would have 
been ultimately desirable to use a database containing additionally metal 
containing species for the searches, as it is in this area that our main interests lie. 
This would have meant the construction of a completely new search database, 
which was prohibited for reasons of time. The searches reported here have thus 
been performed on a database derived from the Cambridge Structural Database, 
selecting only organic compounds (and complexes of technetium) which show no 
disorder. This database is not merely a subset of the CSD, as bond orders have 
been assigned to all compounds enabling all missing hydrogen atoms to be added 
to the crystal structures present (using standard bond lengths and angles). This 
gives a database of just over 37000 entries exhibiting a wide diversity o f chemical 
structure.
The results for SPERM searches performed on 4 metal complexes are reported 
below. These targets cover a range of sizes and shapes, in addition to different 
crystallographic packing. Additionally, in the observed crystal structures o f these 
targets, these are the only molecular units present within the unit cell i.e. no 
molecules of solvation etc. Figure 4.9 details the chemical structures o f the four 
compounds reported. Figures 4.10a and 4.10b show the 3D structures of these 
complexes as retrieved from the CSD.
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Figure 4.9. Chemical structures of molecules used in this study: (a) trans- 
dichloro-bis(acetylacetonato) thenium(iv); (b) trans-bis(acetylacetonato) 
dipyridine cobalt(iii); (c) tetrakis(phenoxo)-bis(bis(l,2- 
dimethylphosphino)ethane)-uranium(iv) and (d) aqua-bis( 1,2-napthtoquinone-1 
oximato-0,N)-(triphenylphosphine-oxide)-dioxo-uranium(vi).
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Figure 4.10a. Crystal structures of refcodes: (a) ACAPCO and (b) REACACIO. 
Upper diagrams are stick representations with hydrogen atoms removed for 
clarity, and lower diagrams the corresponding space filled models (hydrogen
atoms displayed where reported).
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Figure 4.10b. Crystal structures of refcodes: (c) BORSOQ and (d) BOZWES 
Upper diagrams are stick representations with hydrogen atoms removed for 
clarity, and lower diagrams the corresponding space filled models (hydrogen
atoms displayed where reported).
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The SPERM search conditions used for all searches are as follows:
Initial Molecular Alignment = Inertial Axes
Hedral Sphere Size = 1.3*radius of target molecule
Tessellation Frequency = 4 (leading to 162 points)
Ranking Score = RMSD
Coarse Grid/Fine Grid = 20.00/4.00
Hits Stored = Top 100
4.2.4 Results
Results of the SPERM searches for the compounds selected are tabulated below in 
Tables 4.4, 4.5, 4.6 and 4.7 The captions for these tables (located on following 
pages) are as follows:
Table 4.4. Results of SPERM similarity search for the ACAPCO target molecule 
using (a) the radial distribution measure (RADDIS) and (b) the minimum distance 
measure (SURDIS.)
Table 4.5. Results o f SPERM similarity search for the REACACIO target 
molecule using (a) the radial distribution measure (RADDIS) and (b) the 
minimum distance measure (SURDIS.)
Table 4.6. Results of SPERM similarity search for the BORSOQ target molecule 
using (a) the radial distribution measure (RADDIS) and (b) the minimum distance 
measure (SURDIS.)
Table 4.7. Results of SPERM similarity search for the BOZWES target molecule 
using (a) the radial distribution measure (RADDIS) and (b) the minimum distance 
measure (SURDIS.)
NOTE: R is the rank of the hit, N the International Space Group Number, SPG the 
corresponding space group symbol. a,b,c (in Â) and a,p,y (in degrees) are the 
crystallographic cell parameters.
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Table 4.4 (a) ACAPCO target: RADDIS measure
R CSD REFCODE N SPG A B C a P Y
* ACAPCO 63 Cmcm 11.130 16.180 11.910 90.000 90.000 90 .000
1 PCDSIZ 61 Pbca 8.545 16.820 11.622 90.000 90.000 90.000
2 BUZYOK 61 Pbca 11.732 8 .230 19.849 90.000 90 . 000 90.000
3 BAJMII 61 Pbca 13 .736 7.352 18.994 90.000 90 . 000 90.000
4 BUGCUB 14 P2l/n 7.650 7.452 13.320 90.000 103.480 90.000
5 TEIETUOl 15 C2/c 17.077 6.226 15.885 90.000 119.300 90.000
6 .OMCSIO 86 P42/n 16.100 16.100 6.470 90.000 90.000 90.000
7 ZZZEAC02 2 P-1 15.332 11.949 6.006 89.590 90.960 107.860
8 BAJFIBIO 14 P112l/n 8 . 823 9.258 9.040 90.000 90.000 107.820
9 ZZZMJK02 15 I2/a 10.145 7.885 22.292 90.000 90.780 90 . 000
10 FEPZUV 14 P2l/n 6.268 7.494 21.340 90.000 91.027 90.000
11 FAKSEPOl 2 P-1 7.156 7.260 7.450 87.931 64.970 60.120
12 TPHDSI 14 P2l/n 6.410 7.660 21.439 90.000 90.370 90.000
13 DOVJUTOl 14 P21/C 8.944 7.820 13.159 90.000 113.450 90 . 000
14 TEBETU03 15 C2/c 17.196 5.871 15.483 90.000 119.840 90.000
15 TMBPSIIO 61 Pbca 10.543 8 .281 43 .443 90 .000 90 . 000 90 . 000
16 GOBRUK 6 2 Pnma 13.985 12.031 8.222 90 .000 90 .000 90.000
17 DIWJEY 6 2 Pnma 22.952 7.541 7.801 90 . 000 90.000 90.000
18 DIYGOH 205 Pa3 13.210 13.210 13 .210 90 .000 90.000 90.000
19 VUBZEX 14 P2l/a 12.620 15.719 9.945 90.000 90.140 90.000
20 SEGJAP01 2 P-1 5.917 14.570 9.917 96.680 106.290 91.480
Table 4.4 (b) ACAPCO target: SURDIS measure
R CSD REFCODE N SPG A B C a P Y
* ACAPCO 63 Cmcm 11.130 16.180 11.910 90.000 90.000 90.000
1 HXOPENOl 60 Pbcn 14.561 10.853 15.307 90.000 90.000 90 . 000
2 SICOCA 15 C2/c 17.352 6.891 19.096 90.000 90.360 90.000
3 FENXAX 2 P-1 9.453 9.581 7.742 107.730 89.660 102.490
4 BOPFER 2 P-1 9.184 16.300 16.685 64.410 85.570 81.220
5 FENXEB 14 P21/C 17.900 9.213 17.425 90.000 110.390 90 .000
6 JABNIJ 86 P42/n 15.324 15.324 5.988 90.000 90.000 90.000
7 VOYDUI 12 C2/m 10.130 14.603 8.904 90.000 106.540 90 .000
8 TCMAPN 2 P-1 8 .550 8.680 7.510 105.300 102.000 114.800
9 CHEAPH 2 P-1 7.926 8.213 10.133 98 .140 106.740 100.590
10 FERMIY 15 C2/c 17.275 11.468 16.636 90.000 119.480 90.000
11 SEURTE 2 P-1 7.921 10.957 5.940 90.250 118.940 96.150
12 VAKFES 14 P2l/c 8.027 11.225 14 .470 90.000 94.850 90.000
13 MANTHB 14 P2l/n 15.189 18.209 8.341 90.000 94.870 90.000
14 PALWAA 146 R3r 9.324 9 .324 9 .324 100.800 100.800 100.800
15 JOJTEH 2 P-1 6.948 8 .691 9.115 64.780 74.300 77.750
16 SEGJAPOl 2 P-1 5.917 14 .570 9.917 96.680 106.290 91.480
17 SEBBIK 61 Pbca 8 .291 14.725 17.568 90.000 90 .000 90.000
18 MBUPCX 14 P2l/n 16.674 14.808 9.707 90.000 90.533 90 .000
19 FIPVOP 2 P-1 8 .385 8 .920 10.217 65 .340 62.190 65.580
20 CYPHAZIO 61 Pbca 17.850 16.550 13 .060 90.000 90.000 90.000
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Table 4.5. (a) REACACIO target: RADDIS measure
R CSD REFCODE N SPG A B C a P Y
* REACACIO 2 P-1 8.032 8.344 7.429 118.100 92.300 55.500
1 BAJMII 61 Pbca 13.736 7.352 18.994 90.000 90.000 90.000
2 DIWBAMOl 14 P21/C 6.998 7.881 10.843 90.000 94.260 90.000
3 BUGCUB 14 P21/n 7.650 7.452 13.320 90.000 103 .480 90.000
4 HEXCET03 62 Pnma 11.280 10.060 6.390 90.000 90.000 90.000
5 TMABTE 228 Fd3c 26 .563 26.563 26.563 90 . 000 90.000 90.000
6 FAKSEPOl 2 P-1 7.156 7.260 7.450 87.931 64.970 60.120
7 VUBZEX 14 P2l/a 12.620 15.719 9.945 90.000 90 .140 90.000
8 DIWJEY 62 Pnma 22.952 7.541 7.801 90.000 90.000 90.000
9 GOBRUK 62 Pnma 13.985 12.031 8.222 90.000 90 . 000 90.000
10 TEBETU03 15 C2/c 17.196 5.871 15.483 90.000 119 . 840 90.000
11 BAJFIBIO 14 P112l/n 8.823 9 .258 9.040 90.000 90.000 107.820
12 VOWRII 14 P21/n 8 .657 10.783 8 . 893 90.000 90.550 90.000
13 SAMWEI 15 C2/c 14 .435 9.912 12.441 90.000 92.030 90.000
14 VIJHOL 14 P2l/n 6.685 9.813 8.764 90.000 108 . 030 90.000
15 CERVUQ 14 P21/C 7.088 15.070 12.701 90.000 104.960 90.000
16 SIYYAA 14 P2l/n 7.493 6.377 9.279 90.000 112.680 90.000
17 TEIETUOl 15 C2/c 17.077 6.226 15.885 90.000 119.300 90.000
18 ZZZEAC02 2 P-1 15.332 11.949 6.006 89.590 90.960 107.860
19 TMACBL 14 P21/C 9.310 9.592 11.750 90 . 000 140.090 90.000
20 CUKGAQ 14 P112l/b 8 . 864 17.327 7.618 90.000 90.000 70.430
Table 4.5. (b) REACACIO target: SURDIS measure
R CSD REFCODE Nf SPG A B C a P Y
* REACACIO 2 P-1 8 . 032 8 .344 7 .429 118.100 92.300 55.500
1 FAGLUU 14 P21/C 14.796 9 . 812 13.197 90.000 93.070 90.000
2 BUGGUF 12 C2/m 6.562 15.066 6.407 90.000 116.120 90.000
3 VEMFOI 64 Cmca 9.300 19.724 8.064 90.000 90.000 90.000
4 SOBGEV 14 P2l/n 7.905 25.691 13.536 90.000 98.690 90.000
5 ANTMETOl 14 P21/C 9.870 13.000 8 .510 90.000 111.800 90.000
6 ETBANT 4 P21 10.095 12.471 8 .340 90.000 111.200 90.000
7 JAXCAM 14 P2l/n 11.196 10 .222 8.661 90.000 98.130 90.000
8 DIRKIY 14 P2l/n 8.083 17.823 10.159 90.000 112.520 90.000
9 HMHPOC 14 P2l/n 7.879 13.530 14.882 90.000 100.970 90.000
10 DALTUF 14 P21/C 16.131 8 .304 13.540 90.000 111.330 90.000
11 LABMAC 14 P2l/n 6.491 10.152 13.358 90 . 000 100.740 90.000
12 ANTRYD 2 P-1 9.620 7.860 8 . 810 59.670 90.000 65.930
13 JOHDEP 61 Pbca 11.273 11.176 14.647 90.000 90.000 90.000
14 MTCBPR 2 P-1 6.352 6.743 8 .249 93 .630 108.970 109.340
15 TBZDCO 20 C2221 9.226 12.092 16.513 90.000 90.000 90.000
16 ANTMEU 14 P21/C 10.277 12.794 8.466 90.000 112.890 90.000
17 CMXPOP 14 P21/C 14.706 17.168 7.269 90.000 92 . 720 90.000
18 PAMWIJ 14 P21/C 9.636 13.936 8.234 90.000 113.680 90.000
19 BUGGOZ 15 C2/c 11.764 8 .485 17.030 90.000 103.740 90.000
20 DINGOWIO 14 P21/C 11.630 14.176 10.768 90 .000 90 .430 90.000
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Table 4.6. (a) BORSOQ target: RADDIS measure
R CSD REFCODE N SPG A B C a P Y
* BORSOQ 2 P-1 12.560 12.831 15.012 77.840 83.280 88.940
1 MESIAD 217 I-43m 10.982 10.982 10.982 90.000 90.000 90.000
2 HMSIPA 217 I-43m 10.817 10.817 10.817 90.000 90.000 90 .000
3 FOTRUB 9 Cc 11.148 20.022 38.141 90.000 91.050 90.000
4 DMSISQ 2 P-1 8 .598 10.751 16.754 91.160 88.770 90.060
5 JUKYIX 167 R-3c 16.154 16.154 22.859 90.000 90.000 120.000
6 FUSWAR 146 R3r 13.956 13.956 13.956 99.620 99.620 99.620
7 OCMSIOOl 148 R-3 12.507 12.507 13.112 90.000 90.000 120.000
8 FULLER 204 Im3 11.790 11.790 11.790 90.000 90.000 90.000
9 PCLDOT 2 P-1 14.655 16.874 7.637 100 .430 102.190 89.890
10 JIXXOD 15 C2/c 21.038 9.119 24 .282 90.000 121.550 90.000
11 OCHSIA 2 P-1 8.588 8.612 8.053 67.800 66.700 66.300
12 HMCNSIIO 14 P21/C 25.952 10.398 28 .146 90.000 122.320 90.000
13 DIRXAD 2 P-1 9.046 8.990 8 .546 99.930 101.240 99.420
14 VUMKUJ 15 C2/c 9.646 20.240 19.064 90 . 000 98.600 90.000
15 BUZYEA 148 R-3r 10.629 10.629 10.629 93 .480 93.480 93.480
16 PCCOCTIO 15 C2/c 17.160 9.310 13.730 90.000 91.800 90.000
17 COGSUM 2 P-1 9.693 9.962 15.094 105.640 92.240 107.860
18 BUCKIT 14 P2l/n 32.967 15.362 8.919 90.000 91.710 90.000
19 MASASP 14 P21/C 11.796 16.013 19.394 90 .000 115.000 90.000
20 DMCHSZ 148 R-3 15.113 15.113 17.867 90.000 90.000 120.000
Table 4.6. (b) BORSOQ target: SURDIS measure
R CSD REFCODE N SPG A B C a P Y
* BORSOQ 2 P-1 12.560 12 .831 15.012 77.840 83 .280 88.940
1 VIXVIH 2 P-1 12.109 17.490 22.715 86.880 84.880 83.290
2 DAWDIO 9 Cc 10.017 19.639 20.129 90 .000 106.744 90.000
3 JOFMOG 15 C2/c 22.408 8.856 22.218 90.000 101.720 90 . 000
4 PMSIBA 61 Pbca 11.922 18 .318 35.901 90.000 90.000 90.000
5 DODXAV 19 P212121 11.244 18 .521 21.985 90 . 000 90.000 90.000
6 KISGOI 14 P2l/n 11.102 19.851 19.554 90.000 90.510 90.000
7 eusCEY 14 P2l/n 18.841 15.943 16.557 90 .000 95.390 90.000
8 OPYCTPIO 114 P-421C 14.218 14.218 9.675 90.000 90.000 90.000
9 JIXXOD 15 C2/c 21.038 9.119 24 .282 90 .000 121.550 90.000
10 FUWLUE 82 1-4 15.475 15 .475 8 .464 90.000 90 . 000 90.000
11 DAKRIQ 15 C2/c 19.389 11.704 31.556 90.000 90.950 90 . 000
12 FITDAN 14 P21/C 13.446 20.553 15.528 90.000 94.910 90.000
13 CERJAK 14 P2l/n 12.458 22.589 16.376 90.000 102 .330 90 .000
14 SIMPLCIO 14 P21/C 18.761 9.839 19.531 90.000 89.642 90.000
15 MPSIAZIO 15 C2/c 17.383 12.289 19.255 90.000 94 .680 90.000
16 BOWHUQ 14 P2l/n 10.521 20.310 11.270 90 . 000 107.450 90.000
17 FENLUF 4 P21 11.250 16.015 11.715 90.000 119.280 90.000
18 CELSER 60 Pcnb 9.787 18.694 19.289 90.000 90.000 90 .000
19 COHBIK 52 Pnna 35.646 16.931 12.251 90.000 90.000 90 . 000
20 COZPEM 2 P-1 12.262 13.165 13.395 92.760 90 .700 106 .100
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Table 4.7. (a) BOZWES target: RADDIS measure
R[ CSD REFCODE N SPG A B C a P Y
* BOZWES 2 P-1 14 .527 12.115 10.932 104.350 108.150 97.210
1 HABMOM 14 P21/C 7.298 12.542 7.944 90.000 116.050 90.000
2 BZLDTE 14 P21/C 14.088 5.835 8.553 90.000 91.470 90.000
3 DIBYIW 61 Pbca 10.151 18 .781 33.251 90 . 000 90.000 90.000
4 TESETU 14 P21/C 6 .240 12.620 10.830 90.000 101.700 90.000
5 BIWYOV 14 P21/C 6.623 17.760 12.859 90.000 99.050 90.000
6 COCYIC 36 Cmc21 13.545 11.143 17.072 90 .000 90.000 90.000
7 DIDJOP 14 P21/C 16.936 10.851 16.451 90.000 114.520 90.000
8 FIZVAL 61 Pbca 18.054 14.402 24.399 90.000 90.000 90.000
9 FAPVEX 15 C2/c 24 .448 10.021 7.780 90.000 104.870 90.000
10 KOBYAB 14 P2l/n 10.942 14.924 11.415 90.000 104.320 90.000
11 VUXJON 60 Pcan 12.083 12.083 17.702 90.000 90.000 90.000
12 COPKUN 14 P21/C 13.310 14.762 14.968 90 . 000 103.390 90 . 000
13 FOKTEE 86 P42/n 14.937 14.937 11.496 90.000 90.000 90.000
14 JAFSAK 88 I4l/a 24.379 24.379 10.778 90.000 90.000 90.000
15 DIWTIM 9 Cc 31.894 17.450 26.459 90.000 138.570 90.000
16 KOJCOB 2 P-1 8 .297 9.325 10.900 72.360 77.480 88.310
17 BOVMAA 2 P-1 9 .590 9.847 8.967 115.610 113.100 74.070
18 TBZTST 14 P21/C 10.254 10.029 15.929 90.000 110.350 90.000
19 PCLDOT 2 P-1 14.655 16.874 7.637 100.430 102.190 89.890
20 SICOCA 15 C2/c 17.352 6.891 19.096 90.000 90.360 90.000
Table 4.7. (b) BOZWES target: SURDIS measure
R CSD REFCODE N SPG A B C a P Y
* BOZWES 2 P-1 14.527 12.115 10.932 104.350 108.150 97.210
1 CLPFLCIO 86 P42/n 29.003 29.003 7.768 90.000 90.000 90.000
2 CLPFLBIO 14 P21/C 20.042 22.397 14.683 90.000 111.250 90.000
3 BUAGLNIO 19 P212121 11.147 37.350 7.705 90.000 90 . 000 90.000
4 FEMDUW 4 P21 11.211 7.983 17.582 90.000 103 . 880 90.000
5 SAGBEH 2 P-1 9.524 14.953 17.278 112.400 89.830 98.530
6 CACSII 4 P21 11.692 16.253 10.233 90 . 000 102 .600 90.000
7 YAGVEH 19 P212121 9.612 12.293 34.186 90.000 90.000 90.000
8 BZMSIZ 14 P21/C 8.060 11.054 40 .593 90.000 99.030 90.000
9 JUFTOT 4 P21 9.686 9.550 16.207 90.000 94.545 90 . 000
10 KINCOZ 19 P212121 14.890 23 .230 10.559 90.000 90 . 000 90.000
11 SEYXOJ 4 P21 10.408 13.978 11.998 90.000 91.310 90.000
12 DESDIOOl 2 P-1 7.325 12.107 16.377 72.590 78.700 73.260
13 CUXFAC 14 P21/C 13 .511 15.458 32.298 90.000 90.610 90.000
14 BZAZDC 2 P-1 11.560 18.600 9.754 105.100 106.680 85.000
15 JORRAJ 85 P4/n 22.239 22.239 17.453 90.000 90 . 000 90.000
16 DESDAG 14 P21/C 12 .234 14.669 14.159 90.000 107.650 90.000
17 DESDEK 2 P-1 7.377 12.151 16 .437 72 .540 78 .220 73.270
18 FEMMOZ 4 P21 10.719 17.036 10.439 90.000 102.900 90.000
19 EXEPOR 2 P-1 14.485 14.957 10 .360 92.810 101.360 103.680
20 JUFFOF 19 P212121 22.851 11.320 13 .790 90 . 000 90.000 90 .000
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The calculated RMSD score for the searches summarised above are as shown in 
Table 4.8, with the score shown for hits coming in 1st, 20th, 50th and 100th 
ranking place.
Table 4.8. Summary of RMSD calculated scores.
RMSD
Target Property Rank 1 Rank
20
Rank
50
Rank
100
ACAPCO RADDIS 0.795 0.891 0.924 0.970
SURDIS 0.392 0.521 0.570 0.602
REACACIO RADDIS 0.561 0.693 0.755 0.792
SURDIS 0.372 0.450 0.510 0.543
BORSOQ RADDIS 0.987 1.110 1.194 1.251
SURDIS 0.606 0.658 0.711 0.760
BOZWES RADDIS 1.205 1.300 1.337 1.368
SURDIS 0.656 0.868 0.900 0.936
Results from the SPERM searches are obtained in the SDF file format (Standard 
File Format), with hit structures in the orientation calculated to best match the 
target molecule. Figures 4.11 and 4.12 show the top 6 hit structures for the 
searches on the ACAPCO and BORSOQ targets using (a) the RADDIS property 
and (b) the SURDIS property. Inspection of these figures highlights the vast 
diversity of chemical structure exhibited. Two further figures are included to 
further highlight the effectiveness of the SPERM method in locating a diverse 
range of structures that show close shape similarity to a given target molecule. In 
Figure 4.13. the stick model structure of the REACACIO target molecule (thick 
black lines) is superimposed on the top 6 hits resulting fi*om use of the RADDIS 
measure. Close similarity of shape is again clearly exhibited in the space filled 
structures of the top 6 hits located in a SURDIS search on the BORSOQ target 
molecule (Figure 4.14).
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Figure 4.11a. Structures of the top 10 hits from the ACAPCO similarity search 
using the RADDIS measure. CSD REFCODES of the structures are as follows: 
(a) PCDSIZ; (b) BUZYOK; (c) BAJMII; (d) BAGCUB; (e) TEIETUOl; 
and (f) OMCSIO. No bond orders are shown.
Figure 4.11b. Structures of the top 6 hits from the ACAPCO similarity search 
using the SURDIS measure. CSD REFCODEs of the structures are as follows: 
(1) HXOPENOl; (2) SICOCA; (3) FENXAX; (4) BOPFER; (5) FENXEB; 
and (6) JABNIJ. No bond orders are shown.
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Figure 4.12a. Structures of the top 6 hits from the BORSOQ similarity search 
using the RADDIS measure. CSD REFCODEs of the structures are as follows: 
(1) MESIAD; (2) HMSIPA; (3) FOTRUP; (4) DMSISQ; (5) JUKYIX; 
and (6) FUSWAR. No bond orders are shown.
Figure 4.12b. Structures of the top 6 hits from the BORSOQ similarity search 
using the SURDIS measure. CSD REFCODEs of the structures are as follows: 
(1) VIXVIH; (2) DAWDIO; (3) JOFMOG; (4) PMSIBA; (5) DODXAV; 
and (6) KISGOI. No bond orders are shown.
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Figure 4.13. Overlay of the top 10 hits (thin lines) from a RADDIS search 
superimposed on the target molecule REACACIO (thick lines.)
Figure 4.14. Structures of the top 6 hits from the BORSOQ similarity search 
using the SURDIS measure. CSD REFCODEs of the structures are as follows: 
(1) VIXVIH; (2) DAWDIO; (3) JOFMOG; (4) PMSIBA; (5) DODXAV; 
and (6) KISGOI. Structures are displayed in a space filled representation.
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4.2.5 Conclusions
The SPERM algorithm has been used to search a database o f over 37000 organic 
structures to locate structures exhibiting shape similarity to four target structures. 
A database containing coordination compounds was not available for use using 
the SPERM algorithm, whose primary application is in shape similarity of 
pharmaceuticals. Manual inspection of the search results shows little or no 
correlation between the crystal structure of the highest ranked structures and target 
molecule, using either of the SURDIS or RADDIS search measures. A more 
scientific assessment of the correlation between the target and search hit 
molecules is difficult as there is not a single parameter that can be compared. 
Crystallographic parameters include the International Space Group symbol or 
number, the unit cell volume, or the 6 unit cell parameters (a, b, c, a , (3, y). The 
space group exhibited by the search hits showed no discernible correlation, a more 
quantitative comparison complicated by the uneven space group distribution 
observed across all structures in the CSD (i.e. a number of space groups are much 
more common than others).
Examination of the structures of highest rank resulting from the searches 
conducted shows a close 'general' shape resemblance to the target molecules. Hit 
molecules are closely matched in terms of their volume and general surface - these 
being the main criteria used in the search algorithm. Amongst even the top six 
structures from each of the searches it is easy to notice marked differences in the 
3D shape. These differences are likely to be of great significance in trying to 
assess any correlation between shape similarity and solid-state packing.
The search molecules selected for this study were manually selected metal 
complexes chosen as being representative (size, chemical structure) o f structures 
of common interest. The database used for searching contained only organic
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species. The difference in chemical types between the search and target molecules 
is in some ways advantageous in examining the influence of shape similarity on 
crystal packing. If  such a similarity measure were to be of use in the prediction of 
crystal packing it would be expected to be to a large extent independent of the 
chemical make-up of the structures concerned. It is undoubtedly true that a 
SPERM search on a database containing metal complexes as well would have 
returned structures with a close chemical resemblance to the target molecule. It 
would then however be debatable whether we are ranking hits on a purely shape- 
related basis or in terms of their chemical make-up which could be ranked using 
other similarity measures.
Molecules pack closely and efficiently in the solid-state and even small 
differences in molecular structure and indeed in 3D shape can have a dramatic 
influence on the resultant crystal structure. Chemical influences are also important 
i.e. charge concerns and other electronic repulsions as exhibited for example in the 
herringbone packing arrangement of benzene. These two points are o f great 
significance and would appear to preclude a means of predicting crystal 
structure based on a measure of shape similarity alone.
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4.3 PACKING COEFFICIENT OF UNIT CELLS
4.3.1 Introduction
The crystal structures of non-polar solids, especially hydrocarbons, have been 
shown to adopt packing arrangements based solely on van der Waals forces. Such 
structures are logical consequences of the close-packing principle proposed by 
Kitaigorodskii (1973). The Kitaigorodskii packing coefficient corresponds to the 
efficiency of packing within a unit cell, and provides a quantitative means of 
comparing the packing of different structures. Traditionally this has been 
estimated by calculating the volume of the molecular unit and multiplying by the 
number o f molecules present in the unit cell (Z).
The aims of this work are to examine the packing coefficients of some metal 
complexes and to compare the resultant values with those found across a range of 
organic crystals. A means of calculating the packing efficiency of a unit cell, in 
addition to the volume of the molecular unit is implemented as part o f the 
CRYSTAL modelling software (Cole, 1992). The method adopted is an extension 
of that employed by Gavezzotti for the calculation of molecular volume. Provision 
is included for the calculation of voids in the crystal structure.
4.3.2 Literature Review
One of the first workers to explore the computation of molecular volumes was 
Kitaigorodskii in 1955. In an age when computer technology was in its infancy, 
the methodology for evaluating molecular volume was by necessity very 
geometrical in its origins. Atoms were treated as hard spheres with a volume equal 
to 4/3tcR3. The lack of computational resources led Kitaigorodskii to pre-calculate 
the volumes of commonly occurring atoms and groups (Table 4.9) The volume
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increment for any given atom was calculated as the volume of a sphere minus caps 
cut away to allow for valence bonded atoms i.e.,
V = LR'-Ej"hf(3R-hi)
where the height of the cut-off segment (h) is,
(R" + d ? -R ? )h = R
2di
R is the radius of the atom concerned and Rj the radii o f the atoms bonded at 
distance to this atom.
Although this method proved satisfactory for simple organic species, it is a crude 
approximation and disregards steric interactions between atoms that are not 
formally valence bonded. With o-dichlorobenzene, for example, problems arise 
where non-bonded atoms are separated by a distance less than the sum of the 
intermolecular radii which is in this case a distance less than 3.6Â. Kitaigorodskii 
attempted to address these problems by introducing terms to account for such 
known interactions. With more complex molecules or structures a geometric 
equation to calculate the molecular volume becomes cumbersome if  not 
impossible.
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Table 4.9. Volume increments (A^) of some common groups of atoms.
Atom or Atom Group Volume Increment
Aromatic Carbon (9 ) 8.4Atom
C-H group 
(aromatic) ® 14.7
C-H group 
(aliphatic)
11.1
CH 2  group
c  c
17.1
CH 3  group
A V .h)
c
23.5
Cl group 19.9
Bondi (1964) uses the same method to calculate group increments for use in the 
estimation of molecular volume. This work assembles a list o f recommended van 
der Waals radii, along with an extensive list of volume increments for common 
groups of atoms.
With the increase in computer power in the 1980's, came increased interest in the 
areas of molecular interaction and recognition; areas where molecular shape and
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volume are of considerable significance. Molecular volumes or group volumes are 
regularly used in the study of active-site specificity, transport across membranes 
and of structure-activity relationships. The volume of a molecule can be calculated 
from experimental observations, such as X-ray crystallography or the molar 
volume of a solution. There remained, however, a strong need for a rapid and 
accurate means of calculating the volume of molecular moieties. Pavani and 
Ranghino (1982) extend the work of Kitaigorodskii and Bondi and address the 
problem of estimating the volume occupied by three overlapping spheres. The 
numerical method adopted is complex and tends to over-estimate the overlap 
volume for cases where more than three spheres intersect. Computed volumes for 
a series of amino acid units are compared with corresponding experimentally 
determined values.
The previous methods all relied on describing the molecular envelope in 
geometrical terms by a number of intersecting spheres. These calculations are 
particularly cumbersome and not particularly accurate, especially in crowded or 
cyclic molecules where an appreciable degree of overlap between non-valence 
bonded spheres is evident. Gavezzotti (1983a, 1983b) overcame these difficulties 
by adopting a technique made possible by the advent o f high-speed digital 
computing. The molecular unit is placed within a box, divided into a large number 
of sampling points (Figure 4.15).
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Sampling 
Mesh
Molecular
Envelope
Figure 4.15. Molecular unit placed within a box divided into a mesh of sampling
points (shown in two dimensions).
Each point can either be inside or outside one or more of the atomic spheres. By 
sampling all points in the box, the number of free (Nfj-ee) and occupied (Nqcc) 
points in the box defines the total occupied volume of the box as:
N  +  N focc ' free
where is the total volume of the sampling box and Voce the calculated 
molecular volume. The packing coefficient (or ratio), P, of a crystallographic unit 
cell calculated in this way is thus given by:
Vp = ■ OÇÇ
V.
Gavezzotti used this approach to calculate the size of intermolecular cavities and 
channels within crystal structures. The accuracy of the calculated volume or 
packing ratio is dependant on the van der Waals radii used in generating the 
molecular model and the size of the mesh. The finer the point mesh, the more
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accurate the result. Gavezzotti suggests a mesh of 1000 points/A^ to be adequate 
in most circumstances. Beringhelli (1983) use the method to explore the structures 
of borane crystals. Marsili (1988) further extend the technique to make the most of 
the intrinsic capabilities of a computer as a binary machine, highlighting the 
applicability and the relevance of Boolean operators to estimating the volume and 
surface areas of a molecular model. Mingos (1991) has calculated the volumes 
and packing coefficients o f some inorganic ions and salts.
4.3.3 Program Design
4.3.3.1 Introduction
A program has been developed for the calculation of unit cell packing coefficients 
and intermolecular voids using the method of Gavezzotti. The program runs on a 
DEC MicroVAX under the VMS operating system and a Stardent Titan under the 
UNIX operating system. Input data is in the form of a Cambridge Structural 
Database (CSD) (Allen, 1979 and 1991) FDAT file, allowing rapid calculation of 
the packing coefficient of crystal structures. The volume calculator has been 
integrated with our molecular modelling suite CRYSTAL (Cole, 1992). As a 
result we are able to rapidly evaluate free volume as, for example, a counter ion or 
solvent molecule is removed from the asymmetric unit. Individual cavities 
resulting from removal of such entities can be examined both graphically and via 
a volume calculation.
4.3.3.Z Mathematical Background
A unit cell is a parallelepiped defined by cell parameters which represent the side 
lengths (a,b and c in A) and angles (a, p and y in degrees). The volume o f a unit 
cell is given by the following equation (see also Figure 4.16) where ALP, BET 
and GAM are the cell angles (a, p and y in respectively).
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V = a b c 7 [ l-c o s^ a -c o s^ p -c o s^ y  -2 co saco sp co sy ]
z-axis
y-axis
BET- "
ÆAM x-axis
Figure 4.16. Unit cell parameters.
The distance (D) between two points (x i,y i,z i)  and (x2,y2,Z2) ^  normal
Cartesian coordinate scheme is given by:
D = V(X2 -  X,)^ +(V2 -  yi)^ +(Z2 -  Zl)'
Calculating the distance between two points in a unit cell, requires an expansion 
o f the above simplified formula to take in to account the non-orthogonal axes:
D =
(%2 -  X ,)^  +  (X j -  Xj)^ + (X2 -  X ,)^  
+2(x2 -  X |)(y2 -  yi)abcosy  
+2(y2 -  y i)(z2 -  Zi)bccosa 
+2 (z2 -  Zj)(x2 -  x jcaco sp
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4.3.3.3 Mode of operation
1) Read structural information for the asymmetric unit from CSD .COR file. This 
includes fractional coordinates, cell dimensions (a, b, c, a , p and y) and the 
symmetry operators.
2) Generate all coordinates in the unit cell from the asymmetric unit coordinates 
and the symmetry operators.
3) Generate coordinates for the 26 neighbouring unit cells to form a lattice.
■ 04 M ■ 0
W WW
■ 04 »
w
4 M
V rW
4 k4 *
W
Figure 4.17. Generation of lattice. Black filled spheres represent a molecular unit. 
(Not to scale or any particular space group).
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This is shown pictorially in two dimensions above in Figure 4.17. Only in 
generating the neighbouring cells is the unit cell of interest (shaded) completely 
packed i.e. spheres from neighbouring unit cells protrude into this central cell.
4) Remove coordinates o f any atoms that do not impinge on the central unit cell. 
This reduces the number of distance comparisons necessary in later steps.
5) Divide the unit cell (or sub-element of unit cell i.e. for calculation of particular 
voids) into a mesh of sampling points. Each sampling point is in effect a small 
parallelepiped of the same shape as the whole cell. Generally between 200 and 
1000 sampling points per produce an acceptable result.
6) Determine whether each sampling point in turn is occupied or free. This is 
achieved by calculating distances between the sampling point and each atomic 
centre. Any sampling point falling within an atomic sphere (i.e. distance from 
sampling point to atomic centre is less than the van der Waals radius of the atom) 
is recorded as occupied.
Within the CRYSTAL modelling package (Wright, 1994), not only entire unit 
cells may be considered. Certain atom numbers may be excluded, for example 
those of a solvent molecule, or the area considered restricted to a sub-set o f the 
entire unit cell (Figure 4.18).
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sub-cell enclosing 
unit cell void
molecular occupants 
of unit cell
Figure 4.18. Application to the calculation of the volume of voids within a cell.
This feature is useful in calculating the volume of voids within solid structures. 
Assessment of the size and shape of such voids may prove useful in crystal 
engineering whereby modifications may be made to the molecular structure to 
make use of void space within the cell.
4.3.3.4 Choice of mesh size
The larger the number of sampling points, the greater the time to calculate the 
molecular volume. It has been noted experimentally that above a certain threshold, 
further increases in the number of sampling points only alter the calculated 
volume by a small percentage. In general we are concerned with cells o f around 
lOO-lOOOA^ and as such errors of less than 0.5 to SA^ can be considered to be 
insignificant. Indeed the greatest margin for error is in the choice of van der Waals 
radii for the atomic spheres. Figure 4.19 shows how rapidly the calculated 
occupied volume of a cell can converge. In this example, the cell is that o f 
benzene (CSD reference code BENZEN). The calculated packing coefficient (P)
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is plotted against the sampling interval (this is the number of divisions made on 
each cell axis).
Method Convergence (#BENZEN)
Packing Coefficient (%)
100 T
90 -
80 -
70 -
60 -
50 -
40 -
Sampiing size
Figure 4.19. Method Convergence
This curve is typical of that obtained for other crystal structures studied (both 
organic and inorganic). Convergence is reached very rapidly as the number of 
sampling points is increased. With a unit cell volume equivalent to 491.7Â^, a 
sampling interval corresponds to convergence at only 32 points/A^. Structures 
with close contacts between atoms, and structures with cavities etc. often require a 
much larger number of sampling points. Experimentally, a sampling interval of 25 
to 75 has been found to represent a convergence value for a majority o f the 
structures considered. A single point estimation of the volume is best obtained by 
selecting the sampling interval such that the density of sampling points is in the 
order of 100 points/A^. For more accurate estimation, the volume is calculated at 
successive sampling intervals above this mesh density until the calculated values 
fall within a tolerated difference (0.5%).
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To verify the integrity of the developed method, molecular volumes and packing 
coefficients were calculated and compared originally against the values of 
Gavezzotti (1983a) and subsequently against those of Mingos (1991) (Table 4.10).
Table 4.10. Calculated molecular volumes (A^). Significant figures for reference 
values are as in the original literature. For the present study 2 sig. figs. are shown
for comparison only.
Compound Gavezzotti Mingos Present Study
Water 16.82 16.80
Methane 28.01 28.02
Ethane 44.63 44.68
Benzene 85.39 85.38
[NEt4]+ 156 155.32
[Cr(en)3]3+ 192 191.88
On a Stardent Titan Model 1500 super-minicomputer (running under the UNIX 
operating system), the packing coefficient is calculated on average in around 50 
seconds, using a sampling interval of 25. As sampling interval increases, the time 
taken to perform the calculations increases correspondingly.
4.3 3.5 van Der Waals Radii
The method adopted assumes that a molecule consists o f overlapping spheres 
centred on the atomic positions. The radii of these spheres are set equal to the van 
der Waals radii of the constituent atoms, (he van der Waals radii for non-metallic 
elements have been well characterised by Bondi (1964) and revised by Gavezzotti 
(1983a). For metallic elements, however, no complete tabulation of the van der 
Waals radii exists because non-bonding interactions between metal atoms are rare 
(Bondi, 1966). Mingos (1991) has developed values based on the small number of
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radii known. The radii for those metals determined by Bondi are modified 
according to the following equation,
ru^ = 1.34rÜB -0 .3 8
where rUg is the radius determined by Bondi. In calculating the volumes and 
packing efficiencies of metal complexes, a wider range of radii are needed. 
Mingos proposes that a solution is to set the van der Waals radius of iron to be 
2.0Â and to use this value to generate van der Waals' radii for other undetermined 
metal atoms according to the following equation,
rUmetal=2-0rC,^eta|/rcp,
where rc^ g^ i^ rcp  ^ are the covalent radii of the metal and iron respectively. 
These covalent radii are taken from the PLUTO program, part of the Cambridge 
Structural Database (Allen, 1979 and 1991). Although this is an approximation, 
Mingos states that the errors in calculated volumes and surface areas will be small 
for most inorganic salts as most inorganic cations and anions consist o f a central 
metal atom surrounded by many organic atoms. This is also true o f metal 
coordination complexes. Originally, our calculations used a set radius o f 2.0Â for 
first row transition metals. In view of the later suggestion by Mingos, the study 
was repeated using values calculated using the above equation. Experimentally, 
variation of the metal radius (a maximum 9% variation to the Mingos values) had 
a negligible effect on the calculated packing efficiencies.
Of greater significance to any error, is whether the van der Waals shape of an 
atom can truly be considered to be spherical or spheroidal ('flattened') (Nyburg, 
1979; Nyburg and Faerman, 1985).
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4.3.4 Results
The packing coefficient (P) was calculated for first-row transition metal 
complexes containing the dimethylglyoximate ligand as retrieved from the 
October 1990 version of the CSD. Only error free structures with coordinates and 
an R-factor o f less than 7.5% were retrieved, leaving 104 structures for packing 
calculations. The packing coefficient was calculated until agreement between the 
value obtained at successive sampling intervals was within the 0.5% tolerance. 
Results are shown in the form of two scatter graphs. Figure 4.20 plots the 
calculated packing coefficient against the unit cell volume, whilst Figure 4.21 
plots the packing coefficient against the International Space Group Number 
(Hahn, 1983) for each structure.
Packing of Dimethylglyoximates (by cell volume)
Packing Coefficient (%)
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Figure 4.20. Plot of calculate packing coefficient of 104 dimethylglyoximate 
complexes against the unit cell volume (Â).
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Packing of Dimethylglyoximates (by Space Group)
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Figure 4.21. Plot of calculate packing coefficient of 104 dimethylglyoximate 
complexes against the International Space Group Number. Only those space
groups occurring are shown.
The packing coefficient was also calculated for 500 randomly selected first-row 
transition metal complexes (chemical classes 76-86), once again retrieved fi'om 
the October 1990 CSD database using the same criteria as above. 92% of these 
complexes have a packing coefficient of between 65 and 70%. This observation is 
in line with calculations on organic species (Kitaigorodskii, 1973).
4.3.5 Conclusions
A means of rapidly calculating the Kitaigorodskii packing coefficient o f unit cells 
has been programmed. Input data is in the form of data retrieved fi*om the CSD 
(GSTAT .COR file format). The unit cell is divided into a large number of 
sampling points which can be examined to sum up the total occupied/unoccupied 
volume. The method facilitates the assessment o f crystal voids, by the examining 
only a sub-section of a unit-cell. We envisage that this feature may be used in the 
examination of natural crystal voids or o f a void resulting from the graphical
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removal o f a counter ion or solvent molecule. This can be used as a measure to 
assess whether a different counter ion or solvent molecule could theoretically 
occupy the same void in the crystal. These topics leads to the concept of crystal 
engineering.
Packing efficiencies calculated in this work are in agreement with those achieved 
by other workers. Studies on a range of coordination compound structures have 
shown packing coefficients for such compounds to be in the same range as found 
for organic molecules. If  the close-packing model plays a part in influencing the 
structure of organic crystals, it is thus reasonable to assume that the same applies 
for crystals o f coordination compounds. Further work needs to be conducted to 
examine this assumption.
4.3.5.1 Further Work
In the previous section a method for the calculation of the packing efficiency of 
unit cells has been developed. In 1955 Kitaigorodskii proposed that the observed 
crystal structures o f many compounds corresponded to a simple close-packing 
principle. The crystal structures of non-polar solids, especially hydrocarbons, have 
been shown to adopt packing arrangements based solely on van der Waals forces. 
Where directional forces are present, with for example polar functional groups, 
the situation is more complicated. Pairs of compounds are often attracted to 
certain arrangements in the solid state by electrostatic forces. Many coordination 
complexes have exterior surfaces that are composed of purely organic atom types, 
and often only carbon and hydrogen. These molecules lack any distinguishable 
forces, other than van der Waals forces, that are likely to influence the crystal 
packing. It is thus reasonable to propose that such molecules might pack 
according to the close-packing principle. This assumption is supported by our
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observation that the packing coefficient for such molecular crystals falls largely in 
the same very narrow range.
An infinite number of orientations o f the molecular unit with respect to the cell 
axes are possible, provided the molecule does not lie on any special 
crystallographic positions. Further work must be conducted to develop a means of 
generating alternative packings of the same molecular unit within the same space 
group. For the close-packing model to be supported, the observed structure would 
be expected to correspond with a minimum in the calculated minimum Volume 
surface'.
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4.4 SIMILARITY AND CRYSTAL PACKING
4.4.1 Introduction
Similarity measures are used in a variety of chemical applications. The aim of the 
work in this section is to highlight a couple of examples in which similar chemical 
structures may exhibit either essentially the same crystal packing or show a 
marked difference. In particular, series of metal complex structures with different 
anions or structural isomerism are considered. Searching the CSD for all entries 
with the same space group and very similar cell dimensions retrieves not only 
structural similar compounds, but also a range of very different chemical 
structures. These studies highlight the difficulties associated in developing 
methods for the prediction of crystal structure are considered.
4.4.2 Similarity of Cell Parameters
4.4.2.1 Introduction
The Cambridge search software QUEST allows searching based on the crystal cell 
parameters. The test has the following syntax:
T1 [*nCEL] [SYST] [a b c a  p y] (toi)
where a,b,c are cell lengths (A); a , P, y are cell angles in degrees; n is one of 
seven possibilities (P: primitive. A: A-centred; B: B-centred; C: C-centred; F: F- 
centred; I: I-centred or R: rhombohedral cells); and SYST represents the crystal 
system (TRIClinic; MONOclinic; ORTHorhombic; TETRagonal; HEXAgonal; 
CUBIc; or RHOMbohedral). Toi is a tolerance value in A controlling the 
maximum allowed discrepancy in cell lengths for a hit (Default 0.001 A). Angles
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are not controlled by the *nCELL test. The *RCPn (n=l,6) can be used to restrict 
the angles if required.
The routine is generally used to locate a given crystal structure. In this work, this 
command is used to locate cells of similar dimensions within the same space 
group with a view to examining the variety of different molecular structures 
present.
4.4.2.2 Study 1: ACACCR
The *nCEL command is used to locate structures with cellos o f similar dimensions 
to that of ACACCR (tris(acetylacetonato)-chromium(III)). This compound is 
typical o f a small coordination compound crystallising alone i.e. no counter ions 
or solvent o f crystallisation. The cell parameters are 14.031, 7.551, 16.379 (A), 
90, 99.06 and 90 (degrees) respectively in space group number 14 (P21/c).
The first section of the CSD journal file resulting from a search of the October 
1991 database with a cell length search tolerance of 0.5A is given below:-
SAVE FDAT 
T1 *SPGN 14
T2 *PCELL MONO 14.031 7.551 16.379 90 99.06 90 0.5 
QUES T1.AND.T2
 +  +  +  +  +  +  + ---------- - +
*REFC=ACACCR // tris(Acetylacetonato)-chromium(iii) // *F0RM=C15 H21 Crl 06 // * 
AUTH=B.Morosin // *C0DE=1(Acta Crystallogr.) // *VOLU= 19 // *PAGE= 131 // *YEAR 
=1965 // *SPGN=14 // *RCP1=7.55099 // *RCP2=14.03099 // *RCP3=16.37898 // *RCP4= 
99.0599 // *RCP5=90.0000 // *RCP6=90.0000 // *RCV0=1714 //
 + ----------------------+ -------------------- + -------------------- + ----------------------- + -------------------- + ---------------------- + --------------------- +
*REFC=ACACMN // tris(Acetylacetonato) manganese(iii) // *QUAL=beta form // *FORM 
=C15 H21 Mnl 06 // *AUTH=B.Morosin,J.R.Brathovde // *C0DE=1(Acta Crystallogr.) / 
/ *VOLU= 17 // *PAGE= 705 // *YEAR=1964 // *SPGN=14 // *RCP1=7.46699 // *RCP2=13 
.87499 // *RCP3=16.20297 // *RCP4=98.4299 // *RCP5=90.0000 // *RCP6=90.0000 // * 
RCV0=1661 //
 + ----------------------+ -------------------- + -------------------- + ----------------------- + -------------------- + ---------------------- + --------------------- +
*REFC=ACACRH10 // tris(Acetylacetonato) rhodium(iii) // *F0RM=C15 H21 06 Rhl // 
*AUTH=J.C.Morrow,E.B.Parker Junior // *CODE=107(Acta Crystallogr.,Sect.B) // *V0 
LU= 29 // *PAGE= 1145 // *YEAR=1973 // *SPGN=14 // *RCP1=7.48299 // *RCP2=13.924 
99 // *RCP3=16.39198 // *RCP4=98.6299 // *RCP5=90.0000 // *RCP6=90.0000 // *RCVO
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=1689 //
 -- +  +  +  +  +  +  +  +
*REFC=ACACRU // tris(Acetylacetonato) ruthenium(iii) // *F0RM=C15 H21 06 Rul //
*AUTH=G.K.-J.Chao,R.L.Sime,R.J.Sime // *CODE=107(Acta CrystallogrSect.B) // *V 
OLU= 29 // *PAGE= 2845 // *YEAR=1973 // *SPGN=14 // *RCP1=7.52999 // *RCP2=13.85 
999 // *RCP3=16.00997 // *RCP4=99.0999 // *RCP5=90.0000 // *RCP6=90.0000 // *RCV 
0=1650 //
 + -------------------- + ----------------------- + --------------------+ --------------------- + -----------------------+ ---------------------+ --------------------- +
*REFC=BEPPIV // (1,5-Diamino-3-azapentane-N,N',N'')-(1,3-diaminopropan-2-ol-N,N'
,O)-cobalt(iii) chloride tetrachloro-zinc(ii) // *F0RM=C7 H23 Col N5 01 3+,C14 Z 
nl 2-,Cll 1- // *AUTH=G.J .Gainsford,D .A .House,W .Marty,P.Comba // *CODE=189(Cryst 
.Struct.Commun.) // *VOLU= 11 // *PAGE= 215 // *YEAR=1982 // *SPGN=14 // *RCP1=7 
.66499 // *RCP2=13.88999 // *RCP3=16.76097 // *RCP4=94.1299 // *RCP5=90.0000 // 
*RCP6=90.0000 // *RCVO=1780 //
 + -------------------- + ----------------------- + --------------------+ --------------------- + -----------------------+ ---------------------+ --------------------- +
*REFC=BERPOD // catena-Acetato-(di-2-pyridylamine)-(mu!2$-perchlorato)-copper(ii 
) monohydrate // *F0RM=(C12 H12 Cll Cul N3 06)n,n(H2 01) // *AUTH=N.Ray,S.Tyagi,
B.Hathaway // *CODE=107(Acta Crystallogr.,Sect.B) // *VOLU= 38 // *PAGE= 1574 //
*YEAR=1982 // *SPGN=14 // *RCP1=7.30899 // *RCP2=13.64598 // *RCP3=16.36297 // 
*RCP4=90.0000 // *RCP5=90.0000 // *RCP6=103.0849 // *RCVO=1590 //
 + ------------+ - - -----------+ ------------+ ------------ + ------------- + ------------ + ------------ +
*REFC=CACWOS // Tricarbonyl-(sigma$l!-cyclopentadienyl)-bis(trimethylphosphine)- 
rhenium // *F0RM=C14 H23 03 P2 Rel // *AUTH=C.P .Casey,J.M.O'Connor,W.D.Jones, K. J 
.Haller // *CODE=579(Organometallics) // *VOLU= 2 // *PAGE= 535 // *YEAR=1983 //
*SPGN=14 // *RCP1=8.01099 // *RCP2=14.04199 // *RCP3=16.34898 // *RCP4=90.0000 
// *RCP5=92.0799 // *RCP6=90.0000 // *RCVO=1838 //
 + -------------------- + ----------------------- + --------------------+ --------------------- + -----------------------+ --------------------- + --------------------- +
*REFC=CAFPOO // bis(mu!2$-eta$2!,eta$2!-Dimethyl-2-butynedioate)-bis(tricarbonyl 
-cobalt) // *F0RM=C12 H6 Co2 OlO // *AUTH=D.Gregson,J.A.K.Howard // *CODE=591(Ac 
ta Cryst.,C (Cr.Str.Comm.)) // *VOLU= 39 // *PAGE= 1024 // *YEAR=1983 // *SPGN=1 
4 // *RCP1=7.65999 // *RCP2=14.40499 // *RCP3=15.88105 // *RCP4=90.0000 // *RCP5 
=103.8711 // *RCP6=90.0000 // *RCVO=1701 //
--------------------------H--------------------------1------------------------------- h ------------------------1------------------------------1------------------------------ 4---------------------------4------------------------- 4-
*REFC=GAMSUI // cis(0,0),trans(N,N)-Chloro-bis(8-quinolato-N,O)-nitrosyl-rutheni 
um // *forM=C18 H12 Cll N3 03 Rul // *AUTH=Y.Kamata,E.Miki,R.Hirota,K.Mizumachi,
T.Ishimori // *C0DE=7(Bull.Chem.Soc.Jpn.) // *V0LU= 61 // *p a gE= 594 // *y eAR=19 
88 // *SPGN=14 // *r c p i=7.12299 // *r cP2=14.38599 // *r c P3=16.31497 // *RCP4=95.
3099 // *r cP5=90.0000 // *RCP6=90.0000 // *rcVO=1665 //
 + -------------------- + ----------------------- + --------------------+ --------------------- + -----------------------+ --------------------- + --------------------- +
*REFC=HMCBFE // Hydrido-(mu!2$-0-methyl-carbonyl)-decacarbonyl-tri-iron // *FORM 
=C12 H4 Fe3 Oil // *AUTH=D.F .Shriver,D .Lehman,D .Strope // *C0DE=4(J.Am.Chem.Soc.
) // *VOLU= 97 // *PAGE= 1594 // *y EAR=1975 // *SPGN=14 // *r c p i=7.67999 // *RCP 
2=13.93599 // *RCP3=16.56297 // *r cP4=90.0000 // *r cP5=90.0000 // *r c p 6=103.5499 
// *RCVO=1723 //
Structures are referred to in this work by their CSD refcodes according to the 
following key:-
ACACCR = tris(Acetylacetonato)-chromium(III)
ACACRU = tris(Aeetylacetonato)-ruthenium(III)
HMCBFE = Hy drido-(mu ! 2$-0-methyl-carbonyl)-decacarbony 1-tri-iron 
GAMSUI = cis(0,0),trans(N,N)-Chloro-bis(8-quinolato-N,0)-nitrosyl- 
ruthenium
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Not unsurprisingly, a number of the hits are analogues of the search structure with 
the central metal atom replaced with another metal, i.e. ruthenium in ACACRU. 
The search does however return a number of hits bearing little chemical similarity 
to tris(acac)-chromium(III) (Figure 4.22).
(c) GAMSUI(b) HMCBFE(a) ACACCR
Figure 4.22. Structures of three of the hits returned, (a) is the target ACACCR;
(b) HMCBFE; and (c) GAMSUI.
Figures 4.23 and 4.24 shows the unit cells of HMCBFE and GAMUSI 
respectively. The unit cells of two very similar structures, ACACCR and 
ACACRU are given in Figure 4.25.
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Figure 4.23. Unit cell of HMCBFE.
Figure 4.24. Unit cell of GAMSUI. Metal atoms are highlighted for clarity.
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(a) ACACCR (b) ACACRU
Figure 4.25. Comparison of the unit cells of two complexes of the acetylacetone 
ligand with a different metal centre; (a) chromium(III) and (b) ruthenium(III). 
Hydrogen atoms have been omitted.
Other tris(acetylacetonato) metal complexes not retrieved in the above search are 
present within the database and some of these are tabulated below (Table 4.11).
Table 4.11. Some tris(acetylacetonato) metal complexes (S is the space group 
symbol; the unit cell parameters, a, b and c are in A and a , p and y are in degrees).
Reference Code S a b c a P Y
ACACIN P21/C 8.209 13.301 16.389 90 90.89 90
(monoclinic form) 
ACACIN02 Pbca 15.576 13.724 16.855 90 90 90
(orthorhombic form) 
ACACMN21 P21/n 7.786 27.975 8 .020 90 100.34 90
(gamma form) 
ACACMO P21/n 16.515 13.052 8.152 90 90.74 90
ACACSC Pbca 15.380 13.730 16.720 90 90 90
Key to CSD refcodes used in Table 4.11:
ACACIN = tris(acetylacetonato)-indium(iii)
ACACMN21 = tris(acetylacetonato)-manganese(iii)
ACACMO = tris(acetylacetonato)-molybdenum(iii)
ACACSC = tris(acetylacetonato)-scandium(iii)
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O f the structures tabulated, ACACIN and ACACMO are similar to the target 
ACACCR cell but either vary in the definition of the unique cell axis and/or fall 
outside the 0.5A tolerance. The other three structures are different crystal forms, 
two in a higher order space group.
This study highlights the variety of structures adopting crystal structures with very 
similar unit cell dimensions. Additionally, it shows how very similar chemical 
structures can exist in very different crystallographic arrangements. These 
observations make the problem of predicting the crystal structure of a given 
molecule much harder.
4.4.2.3 Study 2: EINICI
As above, the *nCEL command is used to search for structures with unit cells of 
similar dimensions to that of EINICI (trans-bis(ethylenediamine)- 
(isothiocyanato)-nitrito-cobalt(III)). The observed space group is P2I (number 4) 
and the cell parameters are 9.3896, 7.1609, 10.3759 (A), 90, 100.513 and 90 
(degrees) respectively.
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The CSD journal file resulting from a search of the October 1991 database using a 
tolerance value of 0 .8Â is given belowi-
SAVE 3 
T1 *SPGN 4
T2 *PCELL MONO 9.3896 7.1609 10.3759 90 100.513 90 0.80 
QUES T1.AND.T2
 + --------------------- + ---------------------+ ---------------------- + -------------------- + -------------------- + ------------------------+ --------------------- +
*REFC=EINICI // trans-bis(Ethylenediamine)- (isothiocyanato)-nitrito-cobalt(iii) 
iodide // *QUAL=at 245 deg.K, absolute configuration // *F0RM=C5 H16 Col N6 02 S
1 1+,I1 1- // *AUTH=I.Grenthe,E .Nordin // *C0DE=9(Inorg.Chem.) // *VOLU= 18 // *
PAGE= 1109 // *YEAR=1979 // *SPGN=4 // *RCP1=7.16089 // *RCP2=9.38959 // *RCP3=1
0.37589 // *RCP4=100.5129 // *RCP5=90.0000 // *RCP6=90.0000 // *RCVO=686 //
 + --------------------- + ---------------------+ ---------------------- + -------------------- + -------------------- + ------------------------+ --------------------- +
*REFC=EINIPC // trans-bis(Ethylenediamine)- (isothiocyanato)-nitrito-cobalt(iii) 
perchlorate // *QUAL=at 165 deg K // *F0RM=C5 H16 Col N6 02 SI l+,Cll 04 1- // * 
AUTH=I.Grenthe,E.Nordin // *C0DE=9(Inorg.Chem.) // *VOLU= 18 // *PAGE= 1109 // * 
YEAR=1979 // *SPGN=4 // *RCP1=7.20909 // *RCP2=9.26499 // *RCP3=10.84699 // *RCP 
4=101.7399 // *RCP5=90.0000 // *RCP6=90.0000 // *RCVO=709 //
 + ------------------- + -------------------+ -------------------- + ------------------ + ------------------ + --------------------- + ------------------- +
*REFC=ENGCOB // (-)-trans-(O)-Ethylenediamine-bis(glycinato)-cobalt(iii) hydroge 
n-d-tartrate monohydrate // *F0RM=C6 H16 Col N4 04 1+,C4 H5 06 1-,H2 01 // *AUTH 
=M.Kuramoto // *C0DE=7(Bull.Chem.Soc.Jpn.) // *VOLU= 52 // *PAGE= 3702 // *YEAR= 
1979 // *SPGN=4 // *RCP1=7.71599 // *RCP2=10.03699 // *RCP3=11.13499 // *RCP4=90 
.0000 // *RCP5=98.6099 // *RCP6=90.0000 // *RCVO=853 //
 +  - +  +  +  +  +  +  +
*REFC=ENNCCO10 // trans-bis(Ethylenediamine)- (isothiocyanato)-nitro-cobalt(iii) 
perchlorate // *QUAL=at 163 deg K // *F0RM=C5 H16 Col N6 02 SI l+,Cll 04 1- // * 
AUTH=I.Grenthe,E.Nordin // *C0DE=9(Inorg.Chem.) // *VOLU= 18 // *PAGE= 1109 // * 
YEAR=1979 // *SPGN=4 // *RCP1=6.92239 // *RCP2=9.37099 // *RCP3=11.02499 // *RCP 
4=100.7599 // *RCP5=90.0000 // *RCP6=90.0000 // *RCVO=703 //
------------------------ 1-------------------------- 1------------------------1----------   1------------------------- 1----------------------- 1------------------------------ 1------------------------h
*REFC=ENNTRC // trans-bis(Ethylenediamine)- (isothiocyanato)-nitro-cobalt(iii) io 
dide // *QUAL=at 245 deg.K, absolute configuration // *F0RM=C5 H16 Col N6 02 SI
1+,I1 1- // *AUTH=I.Grenthe,E.Nordin // *C0DE=9(Inorg.Chem.) // *VOLU= 18 // *PA
GE= 1109 // *YEAR=1979 // *SPGN=4 // *RCP1=7.21999 // *RCP2=9.28799 // *RCP3=10.
50899 // *RCP4=100.8899 // *RCP5=90.0000 // *RCP6=90.0000 // *RCVO=692 //
The results obtained are valuable in illustrating not only how similar structures 
can pack in the same way, but more significantly how minor structural changes 
can affect the mode of packing in the crystal. The cell parameters for the four 
closely related cobalt(III) ethylenediamine complexes are tabulated below (Table 
4.12).
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Table 4.12. Cell parameters of some hit Cobalt(iii) complexes (to 3 sig. figs.) The 
anion present for each structure is shown in brackets (S is the space group symbol; 
the unit cell parameters, a,b and c are in A and a , p and y are in degrees).
Reference Code S a b c a P Y
nitrito complexes 
EINICI P21 9.389 7.161 10.376 90 100.513 90
(iodide)
EINIPC P21 9.265 7.209 10.847 90 101.740 90
(perchlorate) 
nitro complexes 
ENNCCO 10 P21 9.371 6.922 11.025 90 100.76 90
(perchorate)
ENNTRC P21 9.288 7.220 10.509 90 100.89 90
(iodide)
Key to CSD Refcodes used in Table 4.12:-
EINICI = trans-bis(Ethylenediamine)-(isothiocyanato)-nitrito-cobalt(iii)
iodide
EINIPC = trans-bis(Ethylenediamine)-(isothiocyanato)-nitrito-cobalt(iii)
perchlorate
ENNCCO1 0 =  trans-bis(Ethylenediamine)-(isothiocyanato)-nitro-cobalt(iii) 
perchlorate
ENNTRC = trans-bis(Ethylenediamine)-(isothiocyanato)-nitro-cobalt(iii)
iodide
The cell dimensions are very close across the series. Changing the anion or 
substituting the 0-bonded nitrito ligand with an N-bonded nitro ligand appears not 
to affect the crystal structure dramatically. Examination of the structures 
graphically does however highlight a major difference in packing between the 
nitrito structures EINICI and EINIPC. Replacing the iodide anion with perchlorate 
causes a change in the packing mode of the metal complex within the cell (Figures 
4.26 and 4.27). Although packing into a cell of very similar size, the orientation of 
the metal complex unit is changed with respect to the cell axis. The anion remains
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in effectively the same position. In the nitro structures, ENNCCO 10 and 
ENNTRC, no such change in packing orientation occurs (Figures 4.28 and 4.29).
No polymorphic structures of the four structures examined in detail above were 
located within the database.
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(b) EINIPC(a) EINICI
Figure 4.26. Asymmetric unit of EINICI and EINIPC. The anion has been 
highlighted (thick line) in both structures along with the isothiocyanato group.
Hydrogen atoms have been omitted.
(a) EINICI (b) EINIPC
Figure 4.27. Lattice structure of EINICI and EINIPC. The anions have been 
highlighted (thick line) in both structures. Hydrogen atoms have been omitted for
clarity.
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(b) ENNTRC(a) ENNGGO10
Figure 4.28. Asymmetric unit of EINICI and EINIPC. The anion has been 
highlighted (thick line) in both structures along with the isothiocyanato group.
Hydrogen atoms have been omitted.
(a) ENNGGO10 (b) ENNTRC
Figure 4.29. Lattice structure of EINICI and EINIPC. The anions have been 
highlighted (thick line) in both structures. Hydrogen atoms have been omitted for
clarity.
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4.4.3 Solvent Moleeules/Counter Ions
Many crystal structures are generated from an asymmetric unit containing more 
than a single molecular entity. Solvent molecules and counter ions are commonly 
found in the solid state.
Within the CSD a number of series of compounds can be located where the same 
coordination compound exists in a number of crystal packings with a range of 
counter ions and solvent molecules. The crystallographic parameters o f one such 
series o f copper complexes of the 1,10-phenanthroline ligand is shown in Table 
4.13. An analogous zinc complex is shown in Table 4.1^.
Table 4.13. Copper complexes of 1,10-phenanthroline (S is the space group
symbol; the unit cell parameters, a, b and c are in A and a , P and y are in degrees).
Reference Code S a b c a P Y
ACPLCU20 P2i/c 8.258 19.070 16.755 90 111.79 90
(perchlorate)
BAYYEF P2/C 9.693 8.237 17.575 90 108.66 90
(tetrafluroborate dihydrate) 
BAYYIJ P2/C 9.671 8.282 10.963 90 109.63 90
(perchlorate dihydrate) 
DAXMEU P i 14.278 10.499 8.603 104.19 83.97 83.97
(nitrate dihydrate)
Key to CSD Refcodes used in Table 4.13:
ACPLCU20 = (Acetato-0,0')-bis( 1,10-phenanthroline)-copper(II)
perchlorate
BAYYEF = (Acetato-0,0')-bis( 1,10-phenanthroline)-copper(II)
tetrafluoroborate dihydrate 
BAYYIJ = (Acetato-0,0')-bis( 1,10-phenanthroline)-copper(II)
perchlorate dihydrate 
DAXMEU = (Acetato-0,0')-bis(l,10-phenanthroline) copper(II)
nitrate dihydrate
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Table 4.14. Zinc complex of 1,10-phenanthroline (S is the space group symbol; 
the unit cell parameters, a, b and c are in A and a, P and y are in degrees).
Reference Code a P
DAXMIY P2/C
(borohydrate dihydrate)
9.659 8.262 17.651 90 1 0 9 .0 6  9 0
Key to CSD Refcode used in Table 4.14: 
DAXMIY = (Acetato-0,0')-bis( 1,10-phenanthroline)-zinc(ll) 
tetrafluoroborate dihydrate
The metal complex units are stereochemically the same across the whole series of 
compounds. The RMS difference between the metal complexes are very small 
(circa. 0.2A). Figure 4.30. shows an overlay of stick representations o f two 
members of the series; ACPLUC20 and BAYYEF.
Figure 4.30. Overlay of molecular unit of BAYYEF and ACPLCU20.
BAYYEF, BAYYIJ and DAXMEU all have two water molecules o f 
crystallisation and thus differ only in the nature of the counter^ ionS present; 
tetrafluoroborate, perchlorate and nitrate respectively. Figure 4.31 shows a section
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of the crystal packing for BAYYEF and BAYYIJ; the tetrafluoroborate and 
perchlorate ions are disordered and not included within the CSD.
Figure 4.31. Sections of the crystal lattice of BAYYEF (left side) and BAYYIF 
(right side). Space group P2/c. Hydrogen atoms have been omitted for clarity.
The cell parameters and arrangement o f molecules in the crystal differ only by a 
negligible amount. Reference back to the original literature reveals that the anions 
adopt the same position within the lattice. The packing in DAXMIY, the 
analogous zinc(II) structure with a borohydrate ion, is also in very close 
accordance. Interestingly, the structure with the nitrate anion (DAXMEU) is 
completely different, crystallising in a lower order space group P 1 .
Mingos (1991) has calculated size and shape parameters o f some common 
inorganic and organometallic ions as mentioned in the introduction to this chapter. 
The parameters for the nitrate, perchlorate and tetrafluoroborate anions are 
tabulated below (Table 4.15).
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Table 4.15. Size and shape parameters of the nitrate, perchlorate and
tetrafluoroborate anions.
Ion ^m Sm Reff
(Vm)
Reff
(Sm)
Rmax Fs Fc Fd
[NO3 ]- 34 58 2 .02 2.14 2.67 0 .00 0.50 1.00
[BF4 ]- 38 63 2.09 2.24 2.70 1.00 0 .00 0 .00
[CIO4 ]- 47 74 2.24 2.42 2.90 1.00 0 .00 0 .00
Key: (A^) is the anion volume; Sm (A^) is the anion surface area;
Reff(Vm) and RefK^m) (both A) are the effective radii based on ion volume and 
surface are respectively; and Fg, Fm and F^ the spherical, cylindrical and discoidal
indices respectively.
These values highlight the shape differences between the anions. 
Tetrafluoroborate and perchlorate are both spherical in shape although the 
perchlorate is larger in volume. The nitrate anion is not spherical and is best 
described as discoidal in shape. It^ s volume is however very similar to that of the 
tetrafluoroborate. It is difficult to produce a reasonable argument to explain why 
the nitrate structure adopts a different space group. The nitrate anion would not 
seem to be too different in size and shape to influence such a change.
The packing coefficients have been calculated for the copper complexes studied 
(Table 4.16).
Table 4.16. Calculated Packing Coefficients.
Reference Code Anion Packing Coef. (%)
BAYYEF T etrafiuoroborate 60.6
BAYYIJ Perchlorate 60.7
DAXMEU Nitrate 68.3
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The P i  space group of DAXMEU attains a significantly higher packing efficiency
than either o f the P2/c structures (BAYYEF or BAYYIJ). This is interesting fi-om
the point of view of the close-packing principle. Why do the tetrafluoroborate and
n
perchlorate structures adopt less efficient packing: The phenomenon of
polymorphism is one potential solution. Many structures have polymorphic forms 
existing in monoclinic space groups. It is feasible that a morph of the nitrate 
complex has simply not been isolated in the P2/c space group (or vice versa for 
the other anions and the P i  space group), such is the potential dilemma raised by 
polymorphism. Alternatively, symmetric concerns may be significant. Both the 
perchlorate and tetrafluoroborate occupy crystallographic special positions o f two­
fold symmetry. The nitrate anion could not sit on such a position as the anion does 
not possess a two-fold axis. This fact tends to preclude structures of anions not 
possessing a two-fold axis from crystallising in this arrangement.
This study highlights how similar structures may exist in the same crystal forms. It 
also raises a number o f difficulties, namely how minor differences can cause the 
existence of a completely different crystal form. Symmetric constraint is a topic 
that is rarely voiced by modellers attempting to predict crystal packing. It is 
however an essential point that must be considered further.
4.4.4 Conclusions
The studies above show a number of examples where similar chemical structures 
adopt the same crystal packing. More importantly they show how often similar 
structures fall into totally different modes of crystal packing. If  some sort of 
molecular similarity measure is to be used in a predictive manner to suggest solid 
state structure, then we need to understand the forces governing crystal structure 
much better. Polymorphism could be said to cast a cloud over attempts to 
understand and predict solid state structure.
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4.5 CONCLUSIONS
The work presented in this chapter has demonstrated the difficulties associated
with the simulation and prediction of crystal structure. A computer program has
been written to calculate molecular volume, unit cell packing efficiency and
fhrcrystal void volume. Crystal packing coefficient^ coordination complexes have 
been found to fall into the same percentage range found experimentally for 
organic species. Molecular shape similarity has been examined in relation to 
observed crystal structures. With the ranked molecules exhibiting a wide variety 
of chemical structure together with small but significant variations in 3D shape, 
use of this measure alone would appear to offer no opportunities for predicting 
crystal structure. Examination of the similarity of crystallographic cell parameters 
and series of metal complexes with differing counter ions and solvent molecules 
have illustrated both the promise of using similarity measures and the 
corresponding problems encountered. Many compounds that exhibit close 
chemical similarity are observed to crystallise in a totally different manner. 
Polymorphism, whereby a given molecule may adopt more than one crystal form, 
adds considerably to the complexity of the predictive problem. Further work is 
necessary to explore further not only polymorphism, but the range of methods 
used to examine and simulate the structure of crystals. No one technique yet is yet 
able to be used productively in more than a handful of cases. With ever increasing 
computer power, it is hoped that computational methods can be developed to 
improve this statistic. Some combination of the statistical analysis methods and 
the purely computational potential methods would seem to offer great promise for 
future prospects.
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5.1 CONCLUSIONS
The object of this final chapter is to draw together threads from the preceding 
experimental chapters, and to offer some concluding comments. Specific 
conclusions for each topic have been included in the relevant chapter, and as such 
are not repeated here.
The original aims of this thesis were as follows
• To assess the effectiveness of currently available molecular modelling routines 
for the study of metal complexes.
• To improve the use of chemical databases in the modelling process.
• To examine methods for the prediction of the solid state structure o f a given 
molecular species.
These aims have largely been fulfilled. Molecular mechanics studies have been 
conducted in different areas of coordination complexes in order to investigate 
problems of structural chemistry. New force field parameters have been presented 
for complexes of uranium(IV), palladium(II) and tungsten. Modified parameters 
have been developed for cobalt(II) complexes with Schiff-base type ligands. 
Despite these successes, problems in parameterising the molecular mechanics 
force field are prevalent. The primary cause for this is the wide variety of 
structures possible in coordination chemistry. As a result, the available 
crystallographic data tends to be patchy, indeed in some areas there is insufficient 
data for accurate parameterisation to be performed. In these cases, the true power 
of molecular mechanics is curtailed. Additionally, the Cambridge Structural
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Database search software offers only limited means in which data on coordination 
compounds may be extracted from the considerable store of data held.
The development o f a new data file format for coordination compounds is a major 
advance in this respect. In this new format, the metal atom in a coordination 
complex forms a focal point with ligand information separated into subsets. Extra 
structural information, such as a general structural descriptor, is calculated during 
the conversion process and included in the file. Specimen searches have 
demonstrated the application of the file format, with particular emphasis on the 
parameterisation of molecular mechanics force fields. Improvements in the search 
software should serve to increase the application of the new file format, and in 
particular towards addressing the lack of structural data in certain areas. With 
extraction of data made easier, analogy and similarity measures can be used 
increasingly to locate similar structures that can be used where data for a 
particular metal/ligand combination is not available. Libraries o f ligand and metal 
behaviour could thus be compiled.
Enhanced access to structural data is also important in the study of crystal 
structure. The prediction of crystal structure, based only on a knowledge o f the 
molecular structure, has become an ever-increasingly desirable goal with the 
technological application of many materials manifested in their solid-state 
structures. Packing efficiencies have been calculated for metal complexes and 
shown to fall into the same percentage range as for organic compounds. This work 
could be extended in the future to test the validity of the close-packing principle, 
by calculating alternative packings for a molecular unit within the same space 
group. With additional computational power, this technique may perhaps be used 
in a predictive manner. Shape similarity alone has been shown not to provide a 
useful means of correlating molecular structure with the resultant crystallographic
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packing. Studies into the crystal packing of series o f related compounds, and 
additionally structures with the same unit cell parameters have highlighted the 
outstanding difficulties associated with crystal structure prediction. Firstly, very 
small changes in structure can affect the observed crystal packing dramatically. 
Secondly, a wide variety of chemical structures and molecular shapes can adopt 
essentially the same unit cell parameters. Thirdly, symmetric constraint can affect 
which arrangement a structure may adopt. Finally, the phenomenon of 
polymorphism is not completely understood.
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